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PREFACE. 


The  preparation  of  a  work  of  this  grade  hy  the  collaboration 

o!  several   writers  is  a  somewhat  novel  undertaking,  and  some 

explanation  of  its  genesis  will  not  be  out  of  place.    It  represents 

the  attempt  of  seven  experienced  teachers  of  college  physics  to 

prepare  a  text-book  that  would  be  more  satisfactory  to  all  of  them 

than  any  existing  one.    It  was,  of  course,  hoped  that  such  a  book 

would  also  prove  acceptable  to  other  teachers.     It  seemed  to  the 

writers  that  there  was  a  need,  and  there  would  be  a  place,  for  a 

work  prepared  in  this  way. 

In  the  last  few  decades,  the  scientific  field  with  which  the  phy- 
sicist is  supposed  to  be  familiar  has  increased  enormously  in 
extent.  Numerous  fresh  discoveries  have  been  made,  and  familiar 
facts  have  appeared  in  new  relations.  This,  of  course,  does  not 
mean  that  a  text-book  need  be  proportionally  larger  now  than 
those  that  suited  earlier  generations.  The  capacities  of  students 
have  probably  not  increased  in  any  like  proportion.  But  a  suitable 
text-book  must  present  the  essential  features  of  the  present  ex- 
tended field;  it  should  not,  at  any  point,  be  at  variance,  in  letter 
or  spirit,  with  the  accepted  results  of  the  latest  research.  Now, 
it  may  be  regarded  as  axiomatic  that  only  those  who  are  actively 
engaged  in  teaching  can  write  for  students,  with  an  adequate  ap- 
preciation of  their  needs  and  capacities;  and  teachers  are  very 
busy  men.  Hence  it  is  evident  that  the  writing  of  a  satisfactory 
text-book  by  one  person  must  become  increasingly  difficult. 

Along  with  the  growth  in  the  extent  of  the  subject  has  gone 
an  increase  of  specialization  in  research.  The  successful  investi- 
gator must  know  one  topic  minutely,  and  he  must  usually  be  con- 
tent to  remain  imperfectly  informed  regarding  many  important 
contributions  to  other  parts  of  his  own  science.  Such  a  one  is 
usually  averse  to  writing  a  text-book  covering  all  parts  of  the 
subject,  or,  if  he  does  undertake  it,  his  particular  interests  are 
apt  to  lead  him  to  over-emphasize  his  specialty.     Yet  it  would 
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»<cni  a  priori  desirable  that  each  part  of  the  whole  subject  should 
he  treated  by  one  who  is,  to  sorae  extent  at  least,  a  specialist  in 
that  part 

If  these  statements  are  substantially  correct,  it  seems  evident 
that  an  attempt  would,  sooner  or  later,  be  made  to  produce  a 
General  Physics  for  colleges  by  the  combined  efforts  of  several 
writers.  The  difficulties  attendant  on  such  an  undertaking  are 
not  slight.  Yel  it  appeared  probable  that,  if  each  writer  were 
MMgncd  a  topic  in  which  he  was  particularly  interested,  he 
would  write  with  a  degree  of  authority  and  enthusiasm  that  he 
could  not  extend  to  the  whole  subject.  It  also  seemed  reasonable 
to  hope  that,  if  each  of  the  contributors  were  afforded  an  oppor- 
timity  to  examine  and  criticize  the  work  of  the  others  before  it 
appeared  in  its  final  form,  and  if  each  availed  himself  to  the 
utmost  of  this  advantage,  the  result  might  be  a  book  superior  to 
any  that  could  be  written  by  any  of  the  contributors  alone.  The 
editor  believes  that  each  of  his  associates  has  found  the  writing 
of  his  part  a  pleasure  and  not  a  source  of  weariness.  He  also 
takes  this  opportunity  of  stating  that  mutual  criticism  has  been 
very  freely  given  and  has  been,  in  all  cases,  very  courteously 
received  and  carefully  weighed.  In  these  respects,  at  least,  the 
orig^inal  expectations  have  been  fully  realized,  and  this  affords 
^ound  for  the  hope  that  the  result  as  a  whole  may  be  found 
satisfactory. 

One  or  two  remarks  as  to  the  character  of  the  book  may  be 
permitted.  It  will  in  general  be  found  that  the  writers,  while 
aiming  first  of  all  at  clearness  and  accuracy,  have  preferred  terse- 
ness to  ditTuseness.  Repetition  and  amplification  are  desirable  in  a 
lecture.  In  a  printed  statement,  which  may  be  reread  and  weighed 
until  mastered,  they  often  discourage  thought;  and  a  teacher  of 
Physics  might  well  begin  his  instruction  with  the  words  of 
Demosthenes,  "  In  the  name  of  the  gods  I  beg  you  to  think," 
The  writers  have  endeavored  to  present  their  subjects  simply  and 
directly,  avoiding,  on  the  one  hand,  explanations  obvious  to  any 
student  of  fair  capacity,  and,  on  the  other  hand,  subtle  distinc- 
tions and  discussions  suited  to  more  advanced  courses.  Some  may 
find  the  material  included  in  the  book  too  extensive  for  a  single 
course.     If  so,  a  briefer  course  can  be  arranged  by  omitting  all 
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of  the  parts  in  small  print  together  with  as  much  of  those  in  large 
print  as  may  seem  desirable.  There  may  seem  to  be  some  duplica- 
tion of  topics  in  the  -wrork  of  two  contributors.  In  such  cases 
(which  are  very  fe-wr),  it  will  be  found  that  the  treatment  is  from 
different  points  of  vieijv,  appropriate  to  the  respective  subdivisions 
of  the  subject. 

Whatever  credit  may  result  from  a  successful  outcome  of  this 
undertaking  is  due  largely  to  Professor  William  Hallock,  the 
author  of  the  parts  on  wave-motion  and  sound,  whp  organized  the 
staff  of  writers  and  planned  the  general  lines  of  the  work.  Find- 
ing his  duties  as  Professor  of  Physics  and  Dean  of  the  Faculty 
of  Pure  Science  in  Columbia  University  too  exacting  to  per- 
mit him  to  continue  the  work  of  editing,  he  requested  to  be  re- 
lieved of  the  responsibilities  of  the  position,  and  the  present 
writer,  being  the  contributor  of  the  longest  section  of  the  work, 
was  requested  by  the  publishers  to  assume  the  duties  of  editor. 

The  writer  and  his  associates  will  welcome  corrections  and  sug- 
gestions for  improvements  in  future  editions,  if  such  should  be 
called  for. 

The  Editor. 

WoKCBSTKs,  Mass., 
August  24,   1908- 


CONTENTS. 


MECHANICS  AND  PROPERTIES  OF  MATTER. 

FAGB 

ANTWDUCnON    I 

Mechanics. 

Displacements    , 6 

Velocity    ii 

Acceleration   i8 

Force  and  Mass  27 

Work  and  Energy  42 

Rotation    53 

Center  of  Mass 59 

Moments   " 64 

Resultant  of  Forces  73 

Forces  in  Equilibrium  78 

Periodic  Motions  83 

Friction    ' 95 

Simple  Machines 100 

Gravitation   106 

Units  and  Dimensions    iii 

Problems    172 

Pwperties  of  Matter. 

Constitution  of  Matter  113 

l^roperties  of  Solids  116 

Properties  of  Fluids   128 

Liquids 140 

Molecular  Properties  146 

Gases   156 

HEAT. 

Hrpduction  179 

hermometry  182 

xp^sion 192 

onvection  of  Heat 203 

ilorimetry 206 

induction  of  Heat 214 

lange  of  State   218 

qq^f action  of  Gases 24P 

JX 


Kinliulion    247 

I  lii-rTnodrnamki    356 

I'rolilciii*   279 

WAVE  MOTION  AND  SOUND. 

Wave  Motion   283 

NiiMirr  and  Propagation  of  Sound  301 

Idtciiiily,  I'ltch  and  Quality 307 

Irrlirfrrrncc    null    Kcionancc    314 

Viliriili(in»  of   Bodi»   316 

I'rdlilcmii 327 

LIGHT. 

Ciciirral    Propfftici    329 

Vclnnly  of   Light 339 

llii-  Nuiiirc  of  Ligiht  344 

I   357 

II  and  Disptrsion  368 


ELXcntOKiN  nics— continued. 

Electromagnelism    536 

Resistance  547 

Electrolytic   Conduction    556 

Chemical   Generators    564 

Electrothermal  Effects  570 

Electric   Lighting   573 

Thermoelectric  Effects  5?6 

ELECTROMAGNETIC  INDUCTION. 

Induced  Currents  583 

Self -Ind  action   591 

Dynamos 600 

Electrodynamics  and   Motors    615 

Electrical  Oscillations  and  Waves 6t8 

Dimensions  of   Electrical   Units 6^6 

Problems    628 

CONDUCTION   OF  ELECTRICITY  THROUGH   GASES 
AND   RADIOACTIVITY. 

Conduction  of  Electricity  tbroi^h  Gases 631 

Radioactivity    648 

Table  of  Radioactive  Substances 666 

Name  Index    667 

Subject  Index 671 


TEXT  BOOK  OF  PHYSICS 


VECHAHIOS  ASD  THE  ] 

Bt  a.  Wnjca  Den,  D.Sc 

Prefetwr  of  Physics  »  Iht  WarcttUr 
WarcaUr.  Maa. 

KTROWXrnON. 
1-  njria  a>  a  BtlMW     Fran  dv  endn 
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'''tse  bodies  have  Tarioos  cfaaracttristica  ta 

^  weight  and  elastidtjr  and  thex  «c   Hliii^i    M  ifcc  m^Ur 

°f  which  in  variotu  fonns  aD  bo&s  sccm  to  tammaL    Kallcr  ii 

'bdf  is  inert ;  the  nmtnal  actions  of  bcxfics  aad  Ac  cSdHs  vfciek 
fier  produce  on  onr  senses  are  doe  to  the  fstmutu.  m  Aea  cf 
smnething  which  is  not  ntattcr  aad  wfcack  b  cded  tatrg.  We 
shall  define  the  word  energr  later ;  tbc  tUng  deootad  kv  it  in  kavwc 
[0  all  as  the  means  which  are  soppbcd  hj  the  sob,  faclf  amA  de- 
rated hodies  of  water  and  which  are  required  lor  f^iiu—  fiMw^n- 
operations  tn  nattuv  and  indnstrr. 

FhyiiGi  ia  tt«  SckncB  of  tfeo  rrifUw  if  KMtK  Mi  ITbmu 
This  general  dcscripti<m  of  Physics  does  not  sharply  Asbngsiifc 
it  from  Chemistry  and  in  fact  no  definite  tfiritfing  fine  can  bt 
drawn  between  the  two  scienCTS,  ahboo^  in  a  general  way  it 
may  be  stated  that  chemistry  deals  chiefly  with  qoestioDi  regard- 
ing the  composition  and  decompositiao  of  bodies.  The  ififferec: 
branches  of  Engineering  also  treat  of  the  properties  of  i^tfter  bat 
from  the  point  of  view  of  their  nsefnl  applications. 

A  adcaca  is  more  than  a  large  amoont  of  infbnnatioa  oo  some 
subject    In  very  early  times  men  must  have  bad  miKb  vafaiable 
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information  regarding  th«  physical  results  of  rarious  actions  and 
prrKCiiiics ;  Itut  it  was  only  when  attempts  were  made  to  sjstcma- 
tixc  and  arrange  this  knowledge  and  to  seek  the  reUtioiis  betwcoi 
the  clifTcrcnt  facts  that  the  science  of  Physics  b^an.  The  dc- 
srriptiitn  of  the  phenomena  of  (he  physical  world  became  taan 
and  more  scientific  as  more  numerous  connections  between  pbrsical 
phenomena  were  discovered  and  described.  At  the  present  time 
I'I)y!)ics  has  progressed  farther  in  this  direction  than  any  otiieT 
•iricnt-c,  and,  in  seeking  to  give  a  brief  account  of  the  present  state 
i}(  the  science  of  Physics,  it  must  be  our  aim  not  only  to  state  the 
most  important  observed  facts  but  also  to  show  the  relations  of 
iiilcrdcprndrncc  of  these  facts. 

It  will  lie  seen  as  we  proceed  that  in  some  parts  of  the  subject 
the  rclniiiinn  bciwecn  observed  facts  are  better  understood  than 
in  other  |i;irls.  Thus  in  Mechanics  the  relations  between  phe- 
nonirnn  have  been  so  well  ascertained  that  we  are  able  to  start 
from  .1  few  Himplu  laws  regarding  the  motions  of  bodies  and  from 
these  dediire  explanations  of  the  most  complicated  motions.  In 
other  ji.'irls  i)f  the  Nulijcct  we  must  be  content  to  take  from  time 
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large  or  small,  is  of  very  little  use,  A  quantitative  description 
of  the  satne  consists  in  giving  the  ratio  of  its  size  or  weight  to 
that  of  some  accepted  standard.  Such  a  standard  is  called  a  tmit, 
and  the  numerical  ratio  of  the  thing  measured  to  the  unit  is 
called  the  amnerlcal  measnifl  (or  numeric)  of  the  thing  measured. 
Some  measurements  are  direct,  that  is  they  are  made  by  com- 
paring the  quantity  to  be  measured  directly  with  the  unit  of  that 
kind,  as  when  we  find  the  length  of  a  rod  by  placing  a  yard  or 
meter  scale  beside  it.  But  most  measurements  are  indirect.  For 
example,  to  measure  the  velocity  of  a  train  we  measure  the  dis- 
tance it  travels  and  the  time  required  and  by  calculation  we  find 
the  number  of  units  of  velocity  in  the  velocity  of  the  train. 

3.  Obeemtion  and  Experiment.  In  some  branches  of  science 
mere  observation,  that  is,  taking  not«  of  circumstances  and  events, 
is  the  chief  or  only  way  of  obtaining  knowledge.  For  example, 
the  astronomer  cannot  modify  the  motions  of  the  heavenly  bodies ; 
he  must  be  content  to  observe.  Observation  also  plays  an  im- 
portant part  in  Physics,  but  experiment,  which  consists  in  modify- 
ing circumstances  or  events  with  a  view  to  making  more  valuable 
observations,  plays  a  more  important  part.  Thus  if  we  desire 
to  know  how  the  earth  attracts  a  body  and  whether  the  attrac- 
tion is  different  at  different  places,  we  cannot  make  much  progress 
if  we  must  confine  ourselves  to  observing  bodies  falling  freely 
from  various  heights;  but  if  we  modify  tlic  fall  by  attaching  the 
body  to  a  cord  and  swinging  it  as  a  pendulum,  we  are  able  to 
make  much  more  accurate  observations  and  to  arrive  at  valuable 
information  that  we  could  probably  never  gain  by  observing  free 
falling  bodies.  For  this  reason  Physics  is  chiefly  an  experimental 
science,  that  is  to  say,  the  physicist  relics  on  carefully  planned 
experiments  to  find  information  and  then  by  methods  of  reason- 
ing, and  especially  the  condensed  accurate  form  of  reasoning 
called  Mathematics,  he  extracts  from  the  results  of  the  experi- 
ment all  the  information  possible. 

4.  Hypotbeses.  An  event  or  phenomenon  remains  obscure  or 
unexplained  when  its  logical  connection  with  other  events  or  phe- 
nomena has  not  been  traced.  But  it  is  explained  when  it  is  shown 
10  be  connected  with  other  familiar  phenomena  and  (he  nature  of 
tlie  connection  is  made  clear.    Thus  the  rising  of  mercury  in  an 


4  MECHANICS  AND  THE   PROPERTIES  OF   MATTER. 

exhaiisled  tube  was  obscure  and  unexplained  until  it  was  found 
to  be  different  at  different  heights  along  a  mountain  side  and  to 
be  connected  with  the  pressure  of  the  air  on  the  mercury  in  ih 
pool  in  which  the  tube  stands.  The  explanation  in  such  a  cas 
consists  in  tracing'  out  the  relation  of  cause  and  effect  betwee 
the  thing  explained  and  other  things.  The  latter  may  theniselvt 
be  still  unexplained.  Thus  the  way  in  which  air  exercises  pres- 
sure has  only  comparatively  recently  been  explained. 

A  suggested  explanation  while  its  correctness  Js  still  in  doubt 
is  called  an  hypothesis.  The  hypothesis  suggested  to  account  for 
the  pressure  of  air  (or  any  gas)  is  that  air  consists  of  flying 
particles  which  by  their  bombardment  of  a  surface  produce  what 
we  call  the  pressure  on  the  surface;  this  suggested  explanat 
is  called  the  kinetic  hypothesis  of  gases.  The  formation  of  an 
hypothesis  plays  a  very  important  part  in  science  for  it  stimu- 
lates research  to  test  its  truth ;  and  even  if  this  particular  hypothe- 
sis turn  out  inadequate,  in  testing  it  many  new  facts  are  usually 
ascertained  and  the  way  paved  for  arriving  at  the  right  explana- 
tion. The  word  theory  is  sometimes  used  in  the  same  sense  as 
hypothesis,  but  it  is  belter  \o  restrict  it  to  meaning  the  extended 
discussion  of  an  explanation  or  verified  hypothesis.  We  shall  use 
it  in  this  sense  later  when  speaking  of  the  Kinetic  Theory  of 
Gases  (§  227). 

6.  Oanse  and  Effect.*  When  a  certain  event  is  always  followed 
by  a  certain  other  event  we  are  accustomed,  in  ordinary  language, 
to  speak  of  the  former  as  the  cause  of  the  latter,  and  of  the  latter 
as  the  effect  of  the  former.  Thus  the  explosion  of  powder  in  a 
gun  is  spoken  of  as  the  cause  of  the  projection  of  the  bullet,  and 
the  latter  event  is  described  as  the  effect  of  the  explosion, 
speaking  of  the  relation  of  two  things  as  that  of  cause  and  effect 
we  do  not  merely  mean  that  one  has  always  been  observed  to 
follow  the  other,  but  we  suppose  that  there  is  something  invariable 
in  the  connection  between  them,  that  is,  we  imply  our  belief  that 
nature  will  always  act  in  the  same  way  when  the  circumstances 
are  the  same.  The  principle  thus  stated  is  often  called  that  of 
the  Uniformity  of  Nature.    There  are,  however,  two  circumstances 

'There  is  bere  no  attempt  (0  use  lerms  in  a  critical  philosoiihical  sei 
Tbe  use  of  such  words  is  unavoidable  in  an  clemenlary  work  without  e 
fusing  citcum locution,  and  ihey  must  be  used  here  in  their  ordinanr  sense- 
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lich  must  be  considered  as  of  no  importance  as  regards  the  con- 
nection between  causes  and  effects.  These  are  time  and  place. 
The  time  of  an  event  is,  of  course,  never  repeated,  and  nothing, 
so  fir  as  we  know,  ever  comes  again  to  exactly  the  same  place, 
since  the  sun  and  all  the  planets  are  moving  rapidly  through  space. 
Bui  if  a  certain  set  of  circumstances  is  followed  by  a  certain 
event  and  if  this  same  set  of  circumstances  is  repeated,  excepl 
ns  regards  time  and  place,  the  same  event  will  follow. 

6.  Pltysical  Iiaws.  A  careful  study  of  any  phenomenon  usually 
enables  us  to  state  in  a  general  way  what  will  happen  in  certain 
circumstances.  Very  ancient  observation  led  to  the  conclusion 
thai  bodies  when  unsupported  f al  I  toward  the  earth.  Such  a 
generalization  is  a  physical  latv.  A  still  wider  study  usually  leads 
to  a  more  general  law.  Thus  the  study  of  falling  bodies  and  of 
ihe  motion  of  the  moon  and  of  the  planets  led  Newton  to  the  con- 
clusion that  each  of  two  bodies  is  attracted  towards  the  other.  The 
aim  of  physical  research  is  to  obtain  physical  laws  of  increasing 
width  and  generality.  Any  such  law  is  very  imperfect  until  it 
can  be  stated  in  exact  mathematical  form  and  this  requires  care- 
ful measurement.  By  measurement  and  calculation  Newlon  ar- 
rived at  the  law  of  attraction  between  bodies  called  the  Law  of 
Universal  Gravitation.  Thus  a  physical  law  is  simply  a  state- 
ment that,  given  a  certain  set  of  circumstances,  certain  events  will 
follow  or  it  is  a  statement  of  some  aspect  of  Ihe  Uniformity  of 

7.  Subdivisions  of  Physics.  The  Science  of  Physics  may,  for 
convenience,  be  divided  into  the  fallowing  parts: 

1.  HediaalcB.        3.  Sound.  6.  Electricity  and  Magnetism. 

S.  Hut.                 1.  LUht  6.  Radioactivity- 

The  subject-matter  of  each  of  these  parts  will  be  described 
when  that  part  is  taken  up. 

UECHAKIOS. 

8.  Hedunics  is  the  branch  of  Physics  which  treats  of  the 
motions  of  bodies  and  the  causes  of  changes  in  these  motions.  It 
is  divided  into  two  parts,  one,  called  Einematics,  in  which  the 
various  kinds  of  motion  are  described  and  studied,  and  the  other, 

ailed  DyaianfcB,   in  which  the  causes  of  change  of  motion  are 
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•  Unlif.l,  Ku'.<-:i:.iiici  or  ihe  i-iiuly  of  motion  (differs  from  Geom- 
dry  in  having  lo  consider  the  eknient  of  time.  Dynamics  a 
nmtXfy  divided  inte  two  puts,  Kiii«ticB  and  Statics,  the  fonna 
(taUing  with  bodies  in  motion  ani!  the  latter  with  bodies  whidi, 
lliough  kdcd  on  hy  causes  that  t«ni  to  produce  motion,  recudail 
rest  owing  to  the  fad  that  these  influences  counteract  each  otter. 
(SoBK  Bnlbon  use  the  tenn  Dynamics  in  the  sense  here  assigned 
Iti  Kindicft.)  In  Uk  following  elementary  treatment  of  Mechanics 
li  will  not  be  oomraiienl  to  treat  the  various  parts  of  the  snliJKl 
«liilte  Miuralrly ;  ucb  will  be  taken  up  tn  turn  as  conveoienoe  lol 
klmtUictly  uay  sevni  lo  tfictale. 

KINEMATICS. 
TBG  OBOMCTRT  OF  BISPLAOEUENT& 

8.  TnaalaUon  uid  Botation.  Motions  may  he  divided  into  tM 
klniU.  A  moving:  body  has  a  motion  of  tnmslation  when  evei; 
ilnii|;hl  line  in  the  body  remains  parallel  to  its  originHl  positino. 
Th»i  a  train  moving  on  a  *tniighl  track  and  a  sled  moving  down 
a  uniform  Incline  have  routioni  of  translation.  In  such  a  cue 
all  poinl*  in  the  body  move  hi  exactly  the  same  way.  Hence  the 
moilnn  ii(  the  IxKly  is  completely  described  when  the  motion  of 
any  pnlnt  in  the  bo«ly  is  pvcn,  and  we  may,  therefore,  in  descril>- 
ing  the  motion  of  the  body,  treat  it  as  a  single  panicle  or  as  a 
[lolnt. 

A  liodv  hai  n  motion  of  rotatioa  when  all  i>oints  in  the  body 
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distances,  or  distances  and  directions  from  other  points,  lines 
Hirfices.    The  simplest  way  of   slating  the  position  of  a  point 
is  by  giving  its  distance  and  ilirecl ion  from  some  other  point  which 
*C  may  call  the  starting  point  or  origin. 

When  we  confine  our  attention  lo  points  in  a  certain  line, 
ilraight  or  curved,  their  positions  may  be  assigned  by  giving  the 
islMce  of  each  point  from  some  assumed  origin  in  that  line. 
One  direction  away  from  tlie  origin  is  taken  as  positive  and  the 
oppoiiie  direction  as  negative.  For  example  the  position  of  any 
ililm  on  a  railway  line  may  be  fixed  by  its  distance,  positive  or 
Illative,  from  some  other  station  taken  as  origin. 

When  we  confine  our  attention  to  points  on  a  surface,  plane 
or  curved,  the  position  of  each  point  may  be  assigned  by  its  dis- 
ifflice  and  direction  from  some  origin  on  the  surface,  or,  what 
wmes  to  the  same  thing,  by  its  distance  from  each  of  two  lines 
't  right  angles  passing  through  the  origin.  For  example,  a  point 
on  the  surface  of  the  earth  is  described  as  bdng  a  certain  dis- 
tioce  east  or  west  and  a  certain  distance  north  or  south  from  the 
Origin. 

For  points  not  confined  lo  any  line  or  surface  the  position  of 
each  may  be  assigned  by  its  distance  and  direction  from  some 
assumed  origin  in  space  or,  what  comes  to  the  same  thing,  its 
distances,  positive  or  negative,  from  each  of  three  planes  inter- 
Kcting  at  right  angles  at  the  origin. 

In  the  first  case  position  is  assigned  by  one  number,  in  the 
second  by  two  and  in  the  third  by  three.  A  point  is  said  to  have 
one  dsgree  of  freedom  when  its  motion  is  confined  to  a  definite 
line,  two  degrees  of  freedom  when  it  is  confined  to  a  definite  sur- 
face and  three  degrees  of  freedom  when  it  is  not  restricted  in 
any  way. 

The  above  statements  of  position  are  statements  of  relative  poii- 
Han,  that  is,  statements  of  the  relation  of  the  position  of  a  point 
that  of  some  other  point  taken  as  origin.  Absolute  position, 
or  the  position  of  a  point  without  any  reference,  stated  or  implied, 
to  any  other  point  or  framework  of  lines,  could  not  be  described 
no  definite  meaning  could  be  attached  to  it.  In  what  follows 
the  word  position  will  always  mean  relative  position  and,  unless 
Otherwise  stated  or  implied,  the  point  of  reference  will  be  some 
point  on  the  surface  of  the  earth. 


es^^^^ 
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11.  Displicementi.  A  change  of  posttion  is  called  a  diqlm- 
ment.  In  describing  a  displacement  we  do  not  need  to  mikc 
any  reference  to  the  time  in  which  the  point  mores  from  one 

position  to  the  other.     A  description  of  i  dis- 
m  placement  consists  in  a.  statement  of  the  lo^ 

^^  and  direction  of  the  straight  line  drawn  ftom 

»/^  the  first  position  of  the  point  to  its  second  posi- 

tion. Thus  when  a  point  has  moved  from  A  to 
[inicmtnt  ii  fr'p-  '^  ''  *'^*  received  a  displacement  the  magnitude 
rrwniei  hj  b  iii-  of  which  is  the  length  of  the  straight  line  AB 
r-'id  line.  ^nd  the  direction  of  which  is  the  direction  of 

.'111.  This  displacement  we  may  denote  by  the  symbol  AB  w 
.IH,  the  arrow  or  stroke  being  placed  above  AB  to  indicate  tlul 
wi-  arc  rcfcrrinK  not  merely  to  the  length  of  the  line  AB  but  al» 
I',  its  direction  from  A  to  R. 

12.  Units  of  Length.  To  measure  or  specify  a  displacement  vc 
run-:!  us<-  sonic  unit  of  length.  The  unit  chieHy  employed  in 
I'hy^ics  is  the  meter  or  one  of  its  multiples  or  submultiples.  The 
Miller  is  ilifincd  as  the  distance  between  two  lines  on  a  bar  of 
|il:ilininii-iri<liiini  kept  at  the  International  Bureau  of  Weights  and 
Mi:i'.iircs  near  Paris,  when  the  temperature  of  the  bar  is  that  of 
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Gcomcirical  addi- 


I 


irough  points  C  and  D,  Us  final  displat 
it  had  gone  by  the  straight  line  /tB  ;  but  the  final  displacement  was 
the  sum  of  a  number  of  separate  displacements,  AC,  CD,  DB. 
Thus  AB  is  the  resultant  or  sum  of  AC, 
CD,  DB,  or  we  may  say  that  by  adding  AC, 
CD.    DB    we    get   AB,   or   briefly,    AB=^ 
AC  +  CD  +  DB;  but  it  must  be  carefully 
noted  that   the   addition    indicated    by   the 
sign  -f-  is  a  geometrical  process,  performed 
hy  placing  the  displacements   end   to   end 
as  the  sides  of  a  polygon  and  taking  as  the 

sum  the  displacement  from  the  initial  position  to  the  final  position. 
If  from  C  we  draw  a  line  CD'  equal  and  parallel  to  ZJS,  and 
from  D'  a  line  D'B  equal  and  parallel  to  CD,  we  shall  have  another 
path  leading  from  A  to  B.  The  displacements  AC,  CD',  D'B 
added  together  give  the  same  sum  as  Ihe  displacements  AC,  CD,  DB 
added  together  and  for  each  step  in  one  series  there  is  an  equal 
and  paraUel  step  in  the  other  series.  It  is  evident  that,  so  far 
as  addition  of  displacements  is  concerned,  we  may  regard  CD'  and 
D5  as  the  same  displacement  and  DB  and  CD'  as  the  same  dis- 
placement. This  is  consistent  with  the  definition  of  a  displace- 
ment as  a  change  of  position ;  for,  when  a  point  goes  from  C  to  D, 
it  has  received  the  same  change  of  position  as  another  point  has 
received  when  it  has  gone  from  D'  to  B,  CD  and  DB  being  equal 
and  parallel.  Thus  all  displaceme^nls  which  have  the  same  mag- 
niludg  and  direction  are  equal. 

When  two  displacements  are  to  be  added,  the  addition  may  be 
performed  by  drawing  a  triangle.  Thus  to  add  AB  and  BC  we 
complete  the  triangle  ABC  and  (he  sum  is  AC. 
This  is  called  the  triangle  method  of  adding 
two  displacements.  Another  method  of  per- 
forming the  addition  is  lo  construct  a  parallelo- 
Fio.  3.  gram.     If    AD    be    drawn    from    A    equal    and 

parallel  lo  BC,  the  displacement  AD  is  the 
eame  as  the  displacement  BC  and  the  sum  of  AB  and  AD  is 
AC,  where  AC  is  the  diagonal  of  ihe  parallelogram  of  which  AB 
and  AD  are  adjacent  sides  drawn  away  from  A.  This  is  called 
the  parallelogrun  method  of  adding  two  displacements.     When 
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■iuvcral  displacements  are  to  be  added  the  addition  is  performed  by 
con struc ling  a  polygon  as  in  Fig.  2. 

14.  Resolution  and  Subtraction  of  BisplacemflntB.  As  we  may 
ic|ilacc  any  number  of  displacements  by  their  geometrical  sum  or 
Li'siiltant.  so  we  may  replace  a  displacement  by  any  number  of  dis- 
[ilacements  which  added  together  give  the  original  displacement. 
This  is  called  rcsolwng  a  displacement  into  components.  Thus  to 
resolve  a  displacement  AC  (Fig.  3)  into  two  components  in  given 
(hrcctions  we  draw  from  A  lines  in  the  given  direction  and  then 
iiimplele  ihe  parallelogram  ABCD  on  the  diagonal  AC;  AB  and 
Al>  are  Ihc  components  desired  since  their  sum  is  AC. 

define  the  meaning  of  the  subiraclion  of  one 
II  another.  When  in  ordinary  arithmetic  we  wish 
to  subtract  4  from  10  we  resolve  the  10  into 
two  parts.  6  and  4,  one  of  which  is  the  same 
as  the  number  to  be  subtracted;  the  other 
part,  6.  is  the  result  of  subtracting  the  4  from 
the  10.  Similarly,  to  subtract  one  displace- 
ment   from    another,    wc    must    resolve    the 


W'c   may  now 
lispliiccmenl  fro 
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"Hence  ii  follows  from  the  above  equations  that  — PQ  =  QP,  or 
the  minus  sign  placed  before  a  displacement  reverses  its  direction 
without  affecting  its  magnitude. 

16.  Vector  Qnuititdes  and  Vector  DiaKranu.  Displacements  be- 
long to  the  class  of  quantities  called  vector  qtuntities,  that  is,  quan- 
tities which  have  magnitude  and  direction.  Other  vector  quantities 
arc  velocities,  forces,  etc.  The  figures  in  the  preceding  sections 
are  diagrams  of  displacements,  that  is,  they  are  made  up  of  lines 
representing  the  actual  displacements  in  magnitude  and  direction. 
Thus  the  diagram  might  be  regarded  as  a  reduced  or  enlarged 
picture  of  the  actual  displacements.  Other  vector  quantities,  e.  g., 
a  number  of  forces,  may  be  similarly'  represented  by  a  vector 
diagram  by  drawing  lines  each  of  which  stands  in  magnitude  and 
direction  for  one  of  the  forces.  The  lines  in  such  a  diagram  are 
called  vectors.  The  lengths  of  any  two  vectors  in  such  a  diagram 
are  to  erne  another  as  the  magnitudes  of  the  forces  represented 
and  the  angle  between  the  two  vectors  is  the  angle  between  these 
two  forces.  After  we  have  defined  the  meaning  of  the  resultant 
of  a  number  of  forces,  it  will  be  seen  that  it  is  represented  as  to 
magnitude  and  direction  by  the  vector  in  the  diagram  which  is 
the  sum  of  the  vectors  that  represent  the  separate  forces.  Similar 
remarks  apply  to  diagrams  of  velocities,  accelerations,  etc. 

Quantities   which   imply   no   reference   to   direction    are  called 
icalar  quantities.     Such  are  mass,  volume,  etc.     Each  such  quan- 
assigned  by  a  number  without  any  idea  of  direction  asso- 
with  it  and  the  addition  or  subtraction  of  such  quantities 
is  performed  in  the  ordinary  arithmetic  or  algebraic  manner. 

Velocity. 

16.  Velocity  is  rate  of  change  of  position  or  rate  of  displace- 
ment. Since  a  displacement  has  a  definite  direction  as  well  as  a 
definite  magnitude,  a  velocity  also  has  a  definite  direction  and  a 
definite  magnitude,  or  velocities  are  vector  quantities.  Thus 
"twenty  miles  an  hour"  is  not  a  complete  statement  of  a  velocity, 
since  it  gives  only  the  magnitude  of  the  velocity  and  does  not 
specify  its  direction;  but  "twenty  miles  an  hour  eastwards"  is  a 

implete  statement  of  a  velocity.  For  clearness  such  a  phrase  as 
"  twenty  miles  an  hour "  may  be  called  the  statement  of  a  speed 


20.  Tbe  0Btt  of  Tlae.  To  measDre  or  ^wdfr  a  rdaatj  wc 
■mnt  use  sotnc  umU  of  fun/.  TIk  nmt  of  tunc  nsBaUr  anploTcd 
io  Plij^cs  is  tbe  mtan  Mlar  ■>«■<.  Tbis  is  dcincd  as  nrw  of 
the  mean  solar  daj  which  is  tbe  arcrage  throt^Knt  a  year  of 
the  time  between  two  successire  transits  of  tbe  son  across  the 
meridian  at  any  place.  It  is  the  secood  of  the  ordinal?  clock  or 
watcb  when  it  keeps  correct  time. 

2L  Cnrviliiiear  Motion.  When  tbe  displacements  of  a  point  in  snc- 
cessive  equal  intervals  are  in  different  directions,  the  point  is  mov- 
ing in  some  curved  path.  This,  for  example,  is  the  case  when  a  ball  is 
thrown  obliquely  upward  or  wben  a  train  is  moving  on  a  curved 
track.  If  the  position  of  the  point  ai  a  certain  time  (  is  P  and  at 
a  somewhat  laler  time,  say  (tH-Af),  is  Q  the  displacement  in  this 
time  is  PQ.  If  we  denote  the  length  of  PQ  by  Ai  and  consider  the 
limiting  value  of  Ax/AJ  as  before,  we  get  the  instantaneous  velocity 
of  the  point  at  the  lime  (  when  the  point  is 
at  P.  As  PQ  is  decreased  tbe  chord  PQ 
6nally  approaches  without  limit  to  tbe  tan- 
gent at  P ;  hence  tbe  direction  of  tbe  instan- 
taneous velocity  at  P  is  along  the  tangent  at 
P.  While  this  is  the  proper  meaning  of  the 
rate  of  displacement  at  F,  we  should  arrive 
at  the  same  value  for  the  instantaneous  ve- 
locity if  we  took  Aj  to  mean  the  length  of 
the  arc  PQ,  and  supposed  it  successively  diminished  by  tbe  ap- 
proach of  Q  toward  P;  for  tbe  chord  and  the  arc  would  in  the 
I  have  a  ratio  of  unity. 

I.  Tbe  Graph  of  a  Varying  Velocity.  When  any  quantity  is 
variable,  much  valuable  information  can  frequently  be  derived  from 
c  proiieriies  of  a  curve  drawn  to  represent  the  varying  quantity. 
A  curve  drawn  to  represent  the  magnitude  of  a  varying  velocity 
s  called  a  velocity  curve.  Let  OA  be  a  straight  line  of  which  the 
length  OA  stands  for  the  length  of  the  interval,  f,  in  which  we 
wish  to  consider  the  motion.  Divide  OA  up  into  a  very  large  num- 
ber of  small  equal  parts.  At  O  erect  a  perpendicular  OB  to 
represent  the  magnitude  of  the  velocity  at  the  beginning  of  the 
interval  (.  Erect  similar  perpendiculars  to  represent  the  instan- 
taneous velocities  at  the  beginnings  of  the  other  parts  of  the  inter- 
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riral,  and  through  the  upper  ends  of  these  perpendiculars  draw  a 
smooth  curve  BC. 

Consider    one   of    these   short    intervals,    ab.      If    the    vetociiy 
throughout  this  short  interval   had  been  tl 
same   as   at   the    beginning  of   the  short   ii 
lerval,    say   v,   the  distance  traversed   in  ll 
short    interval    would    have    been    f  X  "^    ' 
the    unshaded    rectangle    above    ab.     If    the  ^  |" 
velocity    throughout    the    short    interval    had 
been  the  same  as  that  at  the  end  of  the  short 
interval,    say    v",    the    distance    would    have     F'o-  *-     Gnjih  of  t 
been  t/ 'X.ab  or  Hie  area  of  the  unshaded  rect-  '*  '^"'' 

angle  plus  that  of  the  small  shaded  rectangle  above  it.  The  real 
distance  in  the  interval  is  intermediate  between  these  two.  Ap- 
plying the  same  reasoning  Co  all  the  small  intervals  in  succession, 
we  see  that  the  whole  distance  is  something  between  that  repre- 
sented by  the  whole  unshaded  area  between  BC  and  OA  and  that 
represented  by  the  unshaded  area  plus  the  shaded  area.  If  now 
we  suppose  the  number  of  the  small  intervals  increased  without 
limit  so  that  each  becomes  vanishingly  small,  the  shaded  area  will 
decrease  without  limit  until  it  vanishes  and  the  area  between  the 
curve  BC  and  the  line  OA  will  represent  the  actual  distance  in 
the  time  I. 

To  bring  out  more  clearly  the  meaning  to  be  attached  to  the 
word  ■'  represent "  in  the  above,  let  us  first  suppose  that  OA 
contains  as  many  units  of  length  as  I  contains  units  of  time,  and 
that  OB  contains  as  many  units  of  length  as  the  velocity  it  stands 
for  contains  units  of  velocity.  Each  unit  of  area  will  then 
stand  for  a  unit  of  distance  traversed  by  the  moving  point  and  the 
whole  area  will  contain  as  many  units  of  area  as  the  distance 
traversed  contains  units  of  length.  But  if  each  unit  of  length 
along  OA  stands  for  m  units  of  time  and  each  unit  of  length 
along  OB  stands  for  n  units  of  time,  the  whole  area  will  be  win 
limes  smaller  than  it  would  have  been  on  the  first  supposition,  and, 
to  get  ihe  whole  distance,  we  shall  have  to  multiply  the  whole 
area  by  ».h. 

23.  The  Resultant  of  Sinmltaneoiui  Velocities.  A  man  sitting  in 
a  train  has  the  velocity  of  the  train,  but  when  he  gets  up  and 
moves  about  he  has  an  additional  velocity  which  may  or  may  not 
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SO.  The  Unit  of  Tims.    To  measure  or  spedfr  >  Tdodtr« 

iiuist  use  some  unit  of  time.  The  unit  of  dme  vaaaSy  mi^afA 
in  Physics  is  the  BMU  solir  Mcaad.  This  is  defined  u  nm  ^ 
the  mean  sotar  day  which  is  the  average  throagfaoot  a  jttt  rf 
ihc  lime  between  two  successive  transits  of  the  stm  acnn  Ae 
intTidian  at  any  place.  It  is  the  second  of  the  ordinary  dod  « 
waiih  when  it  keeps  correct  time. 

ai.  OnrrUineu Motion.  Whenthedisplscementsof apoinlbw- 
rossive  equal  intervals  are  in  different  directions,  ttie  point  ii  vat- 
iiig  in  some  curved  path.  This,  for  example,  is  the  case  when  abillii 
thrown  obliquely  upward  or  when  a  train  is  moving  on  a  cnnci 
track.  If  the  position  of  the  point  at  a  certain  time  t  is  P  and  it 
a  snnicwbat  Inter  time,  say  ((  + AOi  is  Q  the  displacement  in tt>i 
lime  Ul'Q.  If  we  denote  the  length  of  PQ  by  Ax  and  cootida  At 
liiniiiii);  value  of  ^s/^t  as  before,  we  get  the  instantaneous  velodQ 
of  the  point  at  the  time  *  when  the  point  o 
at  P.  As  PQ  is  decreased  the  chord  PQ 
finally  approaches  without  limit  to  the  tail 
gent  at  P;  hence  the  direction  of  the  instat 
taneous  velocity-  at  P  is  along  the  tangent  : 


i  through  the  upper  ends  of  these  perpen>liculars  draw  a 
■curve  BC. 

Ider  one  of  these  short  intervals,  ab.  If  Ihe  velocitj 
Kint  this  short  interval  had  been  the  ^ 

IS  at  the  bcginoing  of  the  short  in- 
say  V.  the  distance  traversed  in  the 
blerval  n'ouM  have  been  vy(,ai>  or 
Uhaded  rectangle  above  ab.  If  the  ' 
f  throughout  the  short  interval  had 
le  same  as  that  at  the  t^nd  of  the  short  < 
I,  say  I'',  the  distance  would  have 
'Xab  or  the  area  of  the  unshaded  rect-  "loatr. 

^us  that  of  the  small  shaded  rectangle  above  it.  The  real 
B  in  the  interval  is  inicrmediate  between  tliesc  two.  Ap- 
Ihe  same  reasoning  to  all  the  small  intervals  in  succession, 
\  that  the  whole  distance  is  something  between  that  repre- 
by  the  whole  unshaded  area  between  BC  and  OA  and  that 
nted  by  the  unshaded  area  plus  the  shaded  area.  If  now 
{Ipose  the  number  of  the  small  intervals  increased  without 
i  that  each  becomes  vanishingly  small,  the  shaded  area  will 
ft  without  limit  until  it  vanishes  and  the  area  between  the 
BC  and  the  line  OA  will  represem  the  actual  distance  in 

Iring  out  more  clearly  the  meaning  to  be  attached  to  the 
'represent"  in  the  above,  let  us  first  suppose  thai  OA 
S  as  many  units  of  length  as  I  contains  units  of  time,  and 
3  contains  as  many  units  of  length  as  the  velocity  it  stands 
Mains  units  of  velocity.  Each  unit  of  area  will  then 
pr  a  unit  of  distance  traversed  by  the  moving  point  and  the 
Irea  will  contain  as  many  units  of  area  as  the  distance 
td  contains  units  of  length.  But  if  each  unit  of  length 
fA  stands  for  m  units  of  time  and  each  unit  of  length 
iB  stands  for  n  units  of  lime,  the  whole  area  will  be  mn 
lialler  than  it  would  have  been  on  the  Grat  supposition,  and, 
pic  whole  distance,  we  shall  have  to  multiply  the  whole 

he  Resnltant  of  SimnltsmeoiiB  Velocities.    A  man  sitting  in 

has  the  velocity  of  tlii'  train,  but  when  he  gets  up  and 
bout  he  has  an  additional  velocity  which  may  or  may  not 


I 
I 

I 
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f.'A:ir.ii  lifjTKT.  -«::h  :he  ci:rre'=i  m  a  irrcr  hu  the  Tdootj-  of  the 
'.-:rr>r;*.;  V;i,  if  :*.  h£i  a  ;ax:<pcij«  in  moooB,  h  has  »™**ii^  vdodty 
ifi  ^'i'ii'.i'jri  V,  '.he  first.  II'hoi  a  frmf;  fca<  Aro  or  MOrr  fflw/- 
(Qn«'/vf  vthcUiet,  it  pwtues  tome  dtfimitt  path  a»d  its  vflotity 
tft  the  falh  it  called  the  r— Ittat  of  tht  timmU^utmi  v^odtiet. 

Vi'ith  ii,\i  'i^linition  of  tbe  resohaat  of  mj  nmnber  of  sinnd- 

1^:.'-//-^^  v^V^ities  it  can  be  shown  that  the  nugnitadc  and  direc- 

t;'/ti  r/f  the  resultant  velodiy  can  be  deduced  from  the  separate 

■.—\'i'.m-.<:  by  the  triangle,  parallelogram  or  poljjon  method  of 

;r'Miiig  v^r.lors.     Consider  first  the  case  of  two  constant  rdodtics 

and  draw  a  diagram,  in  which  AB  and  AC 

B  D     stand   for   the  two  t-elodties.     Complete  flie 

/~^^^       parallelc^ram  ABCD,    We  shall   show  th^ 

i^""'''^  y  /  AD  sUnds  for  the  resultant  Telodty. ^Siace 

*  the  velocities  arc  constant  AB  and  AC  rep- 

""  ^'  resent  in  magnitude  and  direction  the  com- 

(,.,11.  lit  .li*j,!accmcnts  in  unit  time  and  the  sum  of  these  displace- 

r.;(.rcspntcd  by  AD  (g  13),  which,  therefore,  represente 
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kSl.  ronnola  for  Bssoltaat.  Let  v,  and  b,  be  the  rcspcciive  nag- 
two  component  velocities  o(  a  moving  poinl  and  let 
velocities  be  represented  by  OA  and  OB  rcspectivelj.  Abo 
|l  P'  be  the  magnitude  of  the  resultant  velocity,  which  is  repre- 
patcd  by  OC,  where  OC  is  the  diagooal  of  the  paraUelograni  of 
feich  OA  and  OB  are  sides.  By  a  well- 
pown  trigonometrical  formula 


C=  OA'  +  AC  —  2OA  ■  AC  cos  OAC 

^o(e  the  angle  AOB,  which  is  the  angle 
^etn  the  direction  of  the  two  compo- 
rts, by  9.     Then  the  angle  OAC   equals    (li 
■  OAC=—cos  e.    Since  OA.  OB  and  OC  ar. 
V,  and  y  respectively. 


V^=v'  +  v''^-30^■V,  COS   0 


0 


1°  —  *)  and  co« 
proportional    to 


i 


%  this  fonnula  we  can   calculate   the   magnitude   of   V  when 

"u  p„  and  0  are  known. 
When  fl=^0,  that  is,  when  the  components  are  in  the  same  direc- 


'ion.cos  tf=i  i 
*=i8o'.  that  i 


I: 


id  the  formula  for  V  gives  V  =  {v,-\-v,').    When 
,  when  the  components  are  in  opposite  directions, 

cos  (9  =  — I  and  ('  =  ±(r,  —  f,). 
If  ^r=9o°.  that   is,  if  the  component! 

right  angles,  costf  =  o  and 

f^  =  f,*  +  f  ■ 


and    if   ^  be    used    to    denote    the   angle   AOC 
ich  the  resultant  makes  with  the  component  of  magnitude  v„ 

AC      V, 


4 


8S,  Bwolntion  of  a  Velocity  Into  OomponentB.    Since  two  ve- 
locities taken  together  are  equivalent  to  a  single  velocity  called 
Iheir  resultant,  we  may  reverse  the  process  and  suppose  any  veloc- 
ity replaced  by  any  two  velocities  which  added  are  e^iuivalent  to 
original  velocity.     This  is  called  resolving  a  velocity  into  com- 


i8 
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ponents.  To  thus  resolve  a  velocity  we  must  draw  a  parallelo- 
gram of  which  the  diagonal  stands  for  the  velocity  to  be  resolved. 
Now  any  number  of  parallelograms  can  be  drawn  with  a  given 
line  as  diagonal;  but,  if  the  directions  of  the  sides  are  specified, 
only  one  solution  is  possible.  Hence  to  resolve  a  given  velocity 
into  components  in  two  given  directions  is  a  definite  problem 
which  may  be  solved  graphically  by  constructing  a  parallelogram. 
The  most  important  case  of  the  above  is  when  the  directions 

of  the  components  are  at  right  angles.  Thus 
'•*  if  the  velocity  is  V  in  the  direction  Oc  and 
if  OC  is  taken  to  represent  V  and  if  Oa  and 
Ob  are  to  be  the  directions  of  the  components, 
we  draw  from  C  perpendiculars,  CA  and  CB, 
Fro.  lo.'^  to  Oa  and  Ob  respectively.    Then  OB  and 

OA  are  the  desired  components  in  the  speci- 
fied directions.  If  the  direction  Oa  makes  an  angle  0  with  the 
direction  of  V  and  if  we  denote  the  components  in  the  directions 
Oa  and  Ob  respectively  by  v^  and  v„ 

v^=V  cos  fl ;  V,  =  F  sin  ft 

It  should  be  noted  that  $  stands  for  an  angle  that  may  be  either 
positive  or  negative.  We  may  regard  0  as  the  angle  through 
which  a  line,  starting  from  the  position  Oa,  must  revolve  about  O 
to  reach  the  position  Oc;  and  when  the  revolution  is  counter- 
clockwise, it  is  customary  to  regard  such  an  angle  as  positive,  the 
opposite  direction  of  revolution  corresponding  to  a  negative  angle. 
If  we  make  this  agreement  as  regards  the  sign  of  0  we  must  keep 
to  it  as  regards  the  right  angle  that  Ob  makes  with  Oa,  that  is  to 
say  the  right  angle  and  the  angle  $  must  be  measured  away  from 
Oa  in  the  same  direction,  namely  counter-clockwise. 


Acceleration. 

26.  Acceleration  is  rate  of  change  of  velocity.  A  change  of 
velocity  has  a  definite  direction  as  well  as  a  definite  magnitude. 
Hence  acceleration  is  a  quantity  which  has  both  direction  and 
magnitude,  that  is,  acceleration  is  a  vector  quantity. 

An  acceleration  may  be  either  constant  or  variable.  The  ac- 
celeration of  a  point  is  constant  when  the  velocity  of  the  point 
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change  by  e<|ual  amounts  in  eqtial  intervals  of  time.  By  equal 
changes  of  velocity  must  be  understood  changes  of  velocity  that 
arc  equal  in  magnitude  and  in  the  same  direction.  When  the 
changes  of  velocity  in  equal  intervals  of  time  are  not  equal,  the 
acceleration  is  variable. 

The  statement  that  the  velocity  of  a  point  is  variable  may  refer 
to  a  change  in  the  magnitude  of  the  velocity,  to  a  change  in  the 
Erection  of  the  velocity  or  to  a  change  in  both.  Hence  we  shall 
luve  three  cases  of  acceleration  to  consider,  (l)  the  acceleration 
of  a  point  when  the  velocity  of  the  point  is  constant  in  direction 
variable  in  magnitude,  (2)  the  acceleration  of  a  point  when 
.the  velocity  of  ihe  point  is  constant  in  magnitude  but  variable  in 

IrectJon,  (3)  the  acceleration  of  a  point  when  the  velocity  of  the 

ilot  is  variable  in  both  magnitude  and  direction. 

The  simplest  case  is  when  the  velocity  of  the  moving  point  is 
.tanl  in  direction  and  when  the  acceleration  is  constant  and 
In  the  direction  of  the  line  of  motion.  This  is  illustrated  by  a 
body  let  drop  from  a  height  and  falling  in  a  straight  line. 

The  magnitude  of  a  constant  acceleration  is  the  magnitude  of 
the  velocity  added  in  each  unit  of  time  and  the  direction  of  the 
[deration  is  Ihe  direction  of  the  added  velocity.  The  unit  of 
■fUration  is  that  of  a  point  the  velocity  of  which  increases  by 
tmit  velocity  in  imit  time.  When  the  cm,  is  taken  as  unit  of 
leogtli  and  the  sec.  as  unit  of  time,  the  unit  of  acceleration  is 
such  that  the  velocity  increases  by  one  cm.  per  sec.  iti  each  second, 
or,  briefly,  one  cm.  per  sec.  per  sec. 

27.  Motion  in  a.  Straight  Line  with  Constant  Acceleration.  In 
considering  the  motion  of  a  point  along  a  straight  line  we  take  one 
direction  along  the  line  as  positive  and  the  opposite  direction  as 
negative.  Let  u  be  the  velocity  of  the  point  at  the  beginning  of 
zn  interval  of  time'  of  length  (,  and  let  v  be  its  velocity  at  the  end 
of  die  tiiierval.  The  increase  of  velocity  is  (v  —  u)  and  the  in- 
crease per  unit  lime  is  (v  —  u)/l.  This  Is,  therefore,  the  magni- 
tude of  the  constant  acceleration  which  we  shall  denote  by  a. 
Hence 

v  =  u  +  at  (I) 

bis  very  important  equation   is  simply  a  statement  that  the 
dty   (at  the  end  of  the  time  /)   is  equal  to  the  initial 
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velocity  (at  the  beginning  of  t)  plos  the  increase  of  vdocitf,  and 
the  increase  of  velocity  is  equal  to  the  accderatioD  multiplied 
by  the  time. 

To  find  bow  for  the  point  tnveb  in  the  time  f  let  us  consider 
the  form  of  the  veloci^  curve  (§22)  in  the  present  case.  The 
changes  of  velocity  in  eqaal  short  intervals  of  time  are  equal 
Hence  in  Fig.  6  the  differences  between  each  ordinate  and  the  next 
in  order  are  equal  and  the  velocity  curve  is  therefore  a  straight 
c  line  as  in  Fig.  11.  Draw  BD  parallel  to  OA. 
The  whole  area  OBCA  con^sts  of  two  parts, 
that  of  the  rectangle  OBDA  and  that  of  the 
triangle  BDC.  OB  represents  the  initial  ve- 
locity H  and  we  shall  suppose  that  the  figure 
is  drawn  to  such  a  scale  that  OB  contains  as 
many  units  of  length  as  w  contains  units  of 
velocity  and  that  the  same  is  true  of  AC 
which  represents  the  final  velod^  v.  The  height  of  the  triangle 
DC  represents  in  the  same  way  the  increase  of  velocity  at.  OA 
represents  the  time  t  and  we  shall  suppose  that  OA  contains  the 
same  number  of  units  of  length  as  (  contains  units  of  time.  The 
whole  area  is  therefore   [ul  +  \tat).     Hence  if  s  is  the  whole 


(a) 


distance  in  the  time  t 


s=ut-\-iaf 


This  very  important  equation  consists  of  two  parts.  The  part 
ut  is  the  distance  the  point  would  have  travelled  in  the  time  t  if 
its  velocity  throughout  t  had  remained  constant  and  equal  to  the 
initial  velocity  «.  The  part  \af  is  the  additional  distance  due  to 
the  acceleration,  that  is  the  distance  the  point  would  have  gone 
if  it  had  started  from  rest  with  an  acceleration  a. 

Between  (i)  and  (2)  we  may  eliminate  t  and  so  find  an  ex- 
pression for  the  final  velocity  in  terms  of  the  initial  vdocily,  the 
acceleration,  and  the  distance. 

i^=M'  +  2wa/  +  rf(' 
=  i^4-2a(«/  +  loi') 
=  "*  +  2M  (3) 

These  three  equations  are  of  great  importance. 
Another  expression  for  the  area  OBCA  is  1{0B -^  AC)  •  OA. 
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I  HcDcc  the  distance  is  also  given  by  ibe  formula 


nioj 


I  Fran  this  it  follows  that  the  areragc  rdodtj,  wliidb  equal*  the 
I  toul  dislsDce  divided  by  the  tim«  (g  19),  is  cqtnl  to  ooe  half 
I  of  the  sum  of  the  imtial  vdoci^  and  tfae  final  vdodty. 

EquUion  (a)  may  be  readily  obtained  by  mcani  of  tke  lax^^aX  Pili  iha 

Tic  diiwocc  liavdlcd  in  a  short  time  if  vhca  the  velodiy  ■•  *  ■■  •A. 

Hacc  the  ir)i<>Ie  dinaoce  is  J*^',      <».      by  (i),       Ctm  +  ti)dl. 

HtIKtI=»J-f  J«(». 

ig.  Silileo's  Ezpeiiiiiiot*.  The  very  important  1 
F«»d  by  (1)  and  (z)  were  discorered  by  Galileo  hf  a 
■he  motion  of  falling  bodies  and  this  discovery  was  the  t 
of  Kinetics.  Before  that  time  tiothing  was  known  as  to  tlie  mwy 
i"  which  the  velocity  of  a  body  increases  as  tt  falls.  Galileo 
Uiought  the  law  of  increase  e:q>rcssed  by  (i),  namely,  tbat  the 
increase  of  velocity  is  proportional  to  tbe  ttOM.  wu  probably 
Mrrect;  but  tbe  instrumental  means  at  hu  '"—'■"'"*  did  not 
enable  him  to  test  it;  so  be  deduced  (z),  practically  by  fkt  fwyli 
ical  method  ^ven  in  §  27,  and  then  tested  it  To  atnid  h 
deal  with  any  great  velocities  sncb  as  that  of  a  body  falBas  « 
caSly,  he  tested  the  rolling  of  a  ball  down  an  inclined  p 
)Rg  that  both  motions  would  follow  the  tame  law.  Tbe  roA 
confinmed  his  formula. 

29.  Acceleratloii  of  Ftm  FtU.  We  shall  asnmie  «s  aa  cxpcri- 
mental  fact,  discovered  by  Galileo,  that  at  any  one  place  all  bodies 
falling  freely  would  have  the  same  acceleration  if  it  were  not  for 
the  effect  of  air  friction.  The  latter  is  Tery  smaQ  in  the  ea*c  of 
dense  solids,  such  as  blocks  of  metal,  falling  moderate  Aftaacn, 
and  may  usually  be  neglected.  The  acceleration  of  free  (all,  or 
tbe  acceleration  of  gravity,  as  it  is  often  called,  b  VMially  denoted 
by  g.  In  centimeters  and  seconds  g  is  about  980,  tboocb  fliehlly 
different  at  different  points  on  the  earth's  sorface,  and  hi  feet 
and  seconds  it  is  about  32.2.  Hence,  from  {27,  wfcts  »  body  U 
ijected  vertically  downward  with  a  velocity  m  its  rdocity  and 
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distance  after  an  interval  (  may  be  found  from 
v=u  +  gt 

»"  ^  «'  +  2  g* 

When  the  direction  of  projection  is  upwards  we  may  take  up- 
wards as  the  positive  direction  and  g,  being  downwards,  will  then 
be  negative.    In  this  case 

v  =  u  —  gl  (I) 

,  =  «*-)gf  (2) 

t^-=u'  —  2gs  (3) 

At  the  highest  point  i'  =  o;  hence  from  (i)  we  have  t  =  u/g. 
Substituting  this  in  (2)  we  get  for  the  height  of  ascent  s^^i^/g. 
This  also  follows  from  (3)  by  putting  v^o.  The  time  of  return 
to  the  ground  is  got  by  putting  j  ^  0  in  (2).  This  gives  t  =  2u/g, 
showing  that  the  whole  time  of  rise  and  fall  equals  twice  the  time 
of  ascent,  or  that  the  time  of  rise  equals  the  time  of  fall.  It  fol- 
lows from  (3)  that  the  velocity  of  return  to  the  starting  point, 
that  is  when  s  is  again  zero,  equals  the  velocity  of  projection  in 
magnitude  but  is  in  the  opposite  direction.  It  must,  however,  be 
remembered,  that  these  statements  are  true  only  for  moderate 
velocities.  At  high  velocities,  such  as  those  of  a  bullet,  air- 
resistance  greatly  modifies  the  motion. 

Tbe  value  of  g  at  any  station  of  observation  depends  on  the  Utttnde  of 
the  station  and  also  on  the  height  of  the  station  above  sea  level.  The  re- 
sults of  very  cateful  experiments  show  that  at  a  station  in  latitude  X  and  at 

an  elevation  of  I  meter*  above  sea  level, 


=  9775 


9<- 


it). 


30.  Motion    of    a    Projectile.    When    a 
body  is  thrown  obliquely  into  the  air  its 
^^\^   motion  may  be  considered  as  consisting  of 
a  horizontal  part  and  a  vertical  part.    The 
Fio.  11.    Path  of  >  pro-    vertical  part  is  subject  to  a  constant  ac- 
celeration g  downward;  while,  since  there 
is  no  horizontal  acceleration  (if  we  may  neglect  air-friction)  the 
horizontal  part  of  the  motion  is  a  constant  velocity.    If  the  mag- 
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^itude  of  the  velocity  of  projection  is  F  and  the  direction  of  pro- 
jection makes  an  angle  6  with  the  horizontal,  the  velocity  V  may 
*^  resolved  into  a  component  V  cos  ^  in  a  horizontal  direction  and 
^  component  V  sin  ^  in  a  direction  vertically  upward.    If  then  x 

m 

^s  the  horizontal  distance  traversed  in  time  t 

x=Vcos$'t  (i) 

and  if,  at  the  time  t,  the  vertical  distance  attained  is  y 

y=V  sin  et  —  i  gf  (2) 

Thus  the  vertical  motion  is  the  same  as  that  of  a  hody  thrown 
vertically  upward  with  a  velocity  V  sin  $,  Hence  (§29)  at  time 
(V  sin  0)/g  the  body  will  have  just  lost  its  vertical  velocity  and 
will  therefore  be  moving  wholly  in  a  horizontal  direction;  and 
at  that  moment  the  height  will  be  (F'sin*^)/2^.  At  time 
(2V  sin  0)/g  the  body  will  have  returned  to  its  original  level  and 
the  distance  horizontally  from  its  starting  point  will  then  be 
Fcos^-  (2V  sin  0)/g  or  (F'sin2^)/^.  Now  since  sin  2O  has  its 
maximum  value,  unity,  when  26  is  90^,  that  is,  when  0  is  45^,  it 
follows  that  the  greatest  horizontal  range  for  a  given  velocity,  V, 
of  projection  is  V*/g  and  is  obtained  by  making  the  angle  of 
projection  45**. 

If  it  be  desired  to  find  the  constant  relation  that  holds  between  x  and  y 
during  the  motion,  the  value  of  t  taken  from  (i)  may  be  substituted  in 
(2)  and  we  shall  get 

g 


y  =  jr  tan  0  —  jr* 


21^  cos*  $ 


the  equation  of  a  parabola  referred  to  axes  at  O,  hence  the  path  of  the 
projectile  is  a  parabola. 

As  in  the  case  of  8  29,  these  results  are  approximately  correct  only  in 
the  case  of  the  moderate  velocities  for  which  air-friction  is  negligible. 

81.  VariaUe  Acceleration.  When  the  acceleration  of  a  point  is 
variable  we  can  no  longer  measure  it  by  the  actual  increase  of 
velocity  in  any  time.  We  may  however  divide  the  magnitude  of 
the  increase  of  velocity  in  any  time  by  the  time  and  call  this  the 
magnitude  of  the  average  acceleration  in  that  time,  the  direction 
of  this  average  acceleration  being  the  direction  of  the  increase 
of  velocity.    The  instantaneous  value  of  the  acceleration  is  defined 
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much  as  in  the  case  of  instantaneous  velocity,  namely,  as  the  value 
to  which  the  average  acceleration  approaches  as  the  interval  is 

diminished  without  limit. 

It  follows  from  the  above  that  we  may  also  exprcH  acceleration  aa  the 
derivative  of  v  as  follows 


A  variable  acceleration  may  be  variable  as  regards  magnitude 
or  direction  or  both.  In  the  Eollowing  we  shall  consider  the  case 
of  an  acceleration  that  is  constant  in  magnitude  but  variable  in 
direction. 

32.  Acceleration  of  a  Point  that  Moves  with  Constant  Spoed  in 
a  Circle.  Let  P  be  a  momentary  position  of  the  moving  point 
and  let  Q  and  R  be  points  on  the  circumference  equidistant  from  P, 
the  time  of  motion  from  Q  to  R  being  (. 
At  Q  and  R  draw  tangents  that  meet  in 
T.  QT  and  TR  are  equal  in  length  and 
may  therefore  be  taken  to  represent  the 
velocities  at  Q  and  R  respectively. 

Complete  the  parallelogram  QTRS.    The 

difference  of  velocities   QT  and  TR  is  a 

velocity  TS  (§  23).  Thus  the  moving  point 

Fhj,  ,j_  suffers  a  change  of  velocity  represented  by 

TS    and    therefore    directed    toward    the 

center  C.     If  a  be  the  mean  acceleration  in  the  time  i  the  change 

of  velocity  will  be  at.     Hence  denoting  the  constant  speed  (that 

is,  the  constant  magnitude  of  the  velocity)  by  v 


V        QT 

It  is  easily  shown  that  the  triangles  SQT  and  QCR  ar 
Therefore 

QT       CR       arcGR  "     CR 
Now  the  arc  QR,  being  described  in  time  (  with  speed  t 
to  vt.     Hence  by  substitution  and  cancellation  of  I 

a  ^  chdgff  .  7^ 

V      arc  QR  '  r 
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la  this  a  is  tlie  mean  acceleration  while  the  point  moves  from  Q 
to  R;  but  if  we  now  suppose  the  time  (  indefinitely  short,  a  will 
be  the  acceleration  of  the  moving  point  when  it  is  at  P  and  the 
ralio  of  the  chord  to  the  arc  (each  being  indefinitely  small)  will 
be  unity.     Hence 


and  this  acceleration  is  always  directed  toward  the  center  C.  It 
is  therefore  an  acceleration  of  constant  magnitude  but  of  variable 
direction. 

33.  COTTilineax  SfoUon.  If  in  the  preceding  tbe  speed  were  not  con- 
stant, tlieie  would,  in  addition  to  tbe  acceleratioa  toward  tbe  center,  be 
an  acceleration  along  the  tangent.  Tbe  fitit  acceleration  would  haie  the 
effect  of  cfaanging  the  direction  of  (be  velocity,  while  the  second  would  have 
the  effect  of  changing  the  magnitude  of  the  velocity,  that  is  the  speed. 

When  a  point  moves  in  3  curve  of  any  form,  il  majr  be  regarded  as 
moving  at  any  momcnl  in  a  circle  which  coincides  at  that  point  with  the 
curve ;  this  cirde  is  called  Ihr  citcie  of  cur\-ature  al  thai  point  on  the  curve. 
From  the  radius  of  the  circle  of  curvature  at  a  point  on  the  curve  we  can 
calculate  the  acceleration  toward  the  center  of  the  circle  of  curvature.  If 
the  speed  of  the  point  .is  not  constant,  tbe  point  must  also  have  an  accelera- 
lioD  along  tbe  tangent  to  the  curve. 

34.  Addition  of  Acceleiations.  A  moving  point  may  have  two 
or  more  accelerations  simultaneously.  Thus  a  man  at  rest  on  the 
deck  of  a  ship  which  is  moving  with  an  acceleration  has  one 
acceleration,  that  of  the  ship.     If  he  moves  across  the  deck  with 

»Bn  acceleration  independent  of  the  motion  of  the  ship,  he  has  a 
second  acceleration.  In  any  such  case  the  moving  body  travels 
in  some  curve  with  a  definite  acceleration  which  is  called  the 
resultant  of  the  component  accelerations. 

We  can   readily  show  tliat  the   resultant  acceleration  may  be 
deduced  from  the  component  accelerations  by  the  vector  method 
of  addition,  that  is  by  the  construction  of  a 
triangle,  parallelogram  or  polygon,  the  sides  J      "Z^F^ 

of  which  represent  the  separate  accelerations,  /.'"''^^ ^  / 

I  For  let  AB  and  AC  represent  two  constant  „ 

Hcc derations    possessed    simultaneously    hy    a 
point.     Since  the  acceleration  represented  by  AB  is  constant,  thi 
change  of  velocity  it  produces  in  unit  time  is  also  represented  by 


J 
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AB.  Similarly  AC  represents  the  change  of  velocity  in  unit  time 
due  to  the  second  constant  acceleration.  The  resultant  change 
of  velocity  is  found  by  completing  the  parallelogram  ABDC; 
hence  AC  is  the  resultant  change  of  velocity  in  unit  time  that  is 
the  resultant  acceleration.  The  same  method  of  reasoning  is 
applicable  when  the  accelerations  are  variable;  the  only  differ- 
ence being  that  AB  and  AC  and  AD  all  represent  velocities  that 
would  have  been  added  in  unit  lime,  if  the  accelerations  remained 
constant  that  long. 

36.  KflBOlntion  of  an  Acceleration  into  OomponentB.  Since  two 
or  more  accelerations  may  be  replaced  by  their  resultant  it  fol- 
lows that  an  acceleration  may  be  resolved  into  two  or  more  com- 
ponents by  the  ordinary  methods.  The 
case  in  which  an  acceleration  is  re- 
solved into  two  components  at  right 
angles  is  especially  important  As  an 
exatnple  suppose  a  body  rests  on  a 
smooth  plane  the  inclination  of  which  to 
Fie.  IS-  Acceleraiioa  down  (he  horizontal  is  i.  If  the  body  were 
not  supported  it  would  fall  with  an  ac- 
celeration of  g.  The  acceleration  may  be  resolved  into  a  com- 
ponent g  cos  i  perpendicular  to  the  plane  and  a  component  g  sin  i 
parallel  to  the  plane.  The  component  perpendicular  to  the  plane 
has  no  effect  since  motion  perpendicular  to  the  plane  is  prevented, 
whereas  the  other  component  causes  it  to  slide  down  the  plane 
with  an  acceleration  g  sin  i.  Thus  the  motion  down  the  plane 
may  be  calculated  by  the  formnlse  of  §  29,  a  being  replaced  l^ 
g  sin  i. 

From  this  we  may  deduce  one  result  of  importance.     The  ve- 
locity after  a  distance  of  descent  s  down  the  plane  is  given  by 

^  «■  -j-  2g  sin «'  ■  J 

and  if  /i  is  the  distance  of  descent  measured  vertically  h^s  ■  sin  1. 
Hence 

X^  =  u'  +  2gh 

Now  this  is  the  formula  we  should  have  been  led  lo  if  we  had 
sought  the  velocity  attained  by  a  free  vertical  fall  through  a  dis- 
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;  h.  Hence  the  velocity  attained  by  descent  obhqiidy  through 
a  certain  vertical  distance  is  the  same  as  if  the  body  had  fallen 
Ihai  distance  vertically. 

DYNAMICS. 

I  Force  and  Mass. 

36.  Ill  the  preceding  we  have  considered  various  cases  of  motion 
without  any  reference  to  the  inflacnces  that  affect  the  motions 
of  bodies,  just  as  in  Geometry  we  study  lines  and  figures  without 
any  reference  to  particular  bodies.  Wc  must  now  consider  those 
relations  between  bodies  on  which  changes  of  motion  depend. 

Isaac  Newton  was  the  first  who  attained  clear  ideas  as  to  the 
relations  between  bodies  and  iheir  motions.  His  treatment  of  the 
subject  was  founded  on  three  fundamental  principles  which  he 
called  Axioms  or  Laws  of  Motion.  These  axioms  arc  so  simple 
that  they  are  recognized  as  very  probably  true  as  soon  as  their 
meaning  is  grasped.  The  proof  of  their  correctness  is.  however, 
the  fact  (liat  all  deductions  from  them  arc  found  to  be  verified  by 
observation  and  experiment. 

37.  Newton's  First  Law  of  Uotlon.  Every  body  persists  in  Us 
tiatc  of  rest  or  of  uniform  motion  in  a  straight  line,  unless  it  be 
comftelled  by  some  force  to  change  that  stale. 

This  law  may  be  divided  into  two  parts,  a  statement  and  a  deji- 
nition.  The  statement  is  that  any  change  of  velocity  of  a  body, 
that  is  any  acceleration,  is  due  to  some  external  influence,  and  a 
body  free  from  external  influences  would  necessarily  have  a  con- 
stant velocity.  This  was  a  complete  denial  of  what  had  been 
supposed  lo  he  true  up  to  the  time  of  Galileo  (who  died  in  1642, 
the  year  in  which  Newton  was  born)  :  for  until  then  it  was  sup- 
posed thai  a  body  free  from  external  influences  would  come  to 
rest.  We  cannot,  of  course,  free  any  body  entirely  from  external 
influences;  but  we  can  greatly  diminish  these  influences  and  with 
each  diminution  the  velocity  becomes  more  nearly  constant.  The 
most  common  hindrance  to  steady  motion  is  friction,  A  stone 
given  a  push  along  a  rough  road  is  quickly  stopped  by  friction; 
on  a  smooth  floor  it  will  continue  longer  in  motion;  a  well 
polished  stone  started  on  smooth  ice  will  continue  in  motion  for 
^  great   distance.     Such    considerations    make    it    seem    probable 
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\  %  great  as  ihe  mass  of  B  and  so  for  other  ratios.  Hence  i{  we 
I  Adopt,  as  we  presently  shall,  a  certain  body  as  a  body  of  unit  mass, 
r  toe  mass  of  any  other  body  becomes  definite. 

I  In  tbe  above  we  have  deGaed  ibe  ralio  of  two  masses  by  means  of  Ihe 
of  ibe  acceleration  imparted  lo  them  by  tome  particular  force.  This 
K  DDce  luggests  tbe  queslion :  Would  the  ratio  be  fouad  ditfeeent  if  some 
r  force  were  used  in  Ihe  test?  If  •»  the  word  mau  as  applied  to  a 
tdy  woald  have  no  deRnile  meaning  except  in  relation  10  a  particular 
jt  as  a  matter  of  fact  Ihe  ralio  is  found  10  be  the  same  no  malltr 
il  may  be  the  force  chosen  for  the  test.  This  i*  a  very  important  state- 
t  but  we  do  not  need  to  slate  il  as-  a  separate  fundamental  principle 
ce.  as  we  shall  see,  it  is  included  in  Newton's  Second  Law  of  Motion. 
t  fact  that  bodies  have  definite  massts,  the  same  no  matter  what  their 
eelerationi  or  the  forces  acting  on  them,  was  one  of  Newton's  mod  im- 


Some  persons  find  difficulty  in  accepting  the  above  definition  of 
the  ratio  of  two  masses,  because  they  cannot  see  an  easy  means  of 
applying  it  directly  to  comparing  masses.  It  is,  however,  not 
given  as  a  practical  method  of  comparing  masses;  but  it  leads,  as 
we  shall  see  later,  to  a  very  practical  method  (§42). 

39.  TTnite  of  Mass.  The  unit  of  mass  chiefly  employed  in  Physics 
is  the  gram  which  is  defined  as  one  one -thousandth  of  the  mass 
of  a  block  of  platinum  kept  at  Sevres  near  Paris  and  known  as 
the  Kilogram  prototype.  Fractions  and  multiples  of  the  gram 
are  named  as  follows : 


I 


illigram  =.001  g. 

Kilogram     =  1000  g 

ent.gram  =  .oi     g. 

Hectogram  =    100  g 

ecigram  =-l       g. 

Dekagram  ^      10  g 

Metric  ton  -|  ^1 

1,000,000  gms. 
1000  Kilograms 

In  English-speaking  countries  for  commercial  and  industrial 
purposes  the  pound  is  used  as  unit  of  mass.  It  is  defined  as 
the  mass  of  a  certain  block  of  platinum  kept  at  the  Exchequer  in 
London.  It  is  worth  remembering  that  i  kgm,  =  2.20  lbs.  ap- 
proximately and  that  i  pound  =^454  gms.  approximately. 

40.  Ratio  of  Forces.  Different  forces  applied  to  a  body  give  it 
different  accelerations.  For  example,  if  a  heavy  body  be  hung  from 
ling  by  a  cord  and  a  horizontal  cord  be  attached  to  it,  a 


i-ai^a^aaWa- 
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When  ihe  vclocily  of  a  body  changes,  its  monicnluni  aUo  changes, 
Sin«  the  mass  of  the  bo<!y  is  constant,  any  change  in  the  mo- 
iDoiluin  of  a  body  must  be  due  to  a  change  of  its  velocity  and  ihc 
change  of  momentum  must  equal  the  product  of  the  mass  and  the 
change  of  velocity.  Hence  when  the  momentum  of  a  body  is 
changing  the  rate  of  change  of  momentum  etjuals  the  product  of 
Ifie  mass  and  the  rate  of  change  of  velocity,  that  is  the  product, 
»ia,  of  the  mass  m  and  its  acceleration  a. 

42.  Hewtoa's  Second  Law  of  Motion.  The  rait  of  change  of 
the  momentum  of  a  body  is  proportional  to  the  force  acting  on  the 
body  and  is  in  Ihe  direction  of  the  force. 

To  reduce   this   statement   to  a   mathematical   formula   let   us 
iuppose  that  a  force  F,  acting  on  a  mass  wi,  gives  it  an  acceleration 
1^,  and  that  a  force  F,  acting  on  a  mass  m,  gives  it  an  acceleration 
ma,  and  so  on  for  any  ntunber  of  forces  and  masses.    Then 


F.:F  ■ 


■  "ti". " 


=  a  constant,  say  k. 


\ 


;   From  this  il  ia  seen  thai  the  assurapliiins  Mated  in  H  38,  40  are  included 

■  ibe  second  law.     For  if  any  force  F  act  in  succession  on  two  bodies  nf 

,  and   m,  respectively  we  may  in  the  above  put  F,  and  F,  both 

'^.      Hmce  nr,ai  ^  m,a,  or  in,/fn,=:  11,/u,  which  is  the  assumption 

Wf  f  38.     Again  if  two  forces  F,  and  F,  act  :n  succession  on  any  mass  ih 

E  may  put  m,  and  m,  both  equal  to   m.      Hence  Fi/F,  =  a,/a,  which  is 

c  assnniptioc  of  f  40. 

The  meaning  of  the  ratio  in  the  above  formula  for  the  Second 
,w  should  be  carefully  considered.  The  numerator  is  a  num- 
tcr.  namely,  the  number  of  units  of  force  acting  on  a  body.  The 
denominator  is  also  a  number,  obtained  by  multiplying  the  number 
of  units  of  mass  in  Ihe  mass  of  the  Ijody  by  the  number  of  units 
of  acceleration  imparted  to  the  body.  Hence  the  ratio  fc  is  a 
number  and  this  number  is  the  same  for  all  the  ratios.  How  large 
the  number  k  will  be  will  depend  on  the  magnitudes  of  the  units 
employed  in  measuring  F,  m,  and  a.  If  we  start  with  any  con- 
venient units  of  mass  and  acceleration  and  if  we  then  adopt  as 
lit  force  that  force  which  acUng  on  unit  mass  iviU  give  it  unit 
acceleration,  it  follows  that  when  m  and  a  are  each  unity  F  must 
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be  unity  and  in  this  case  k  must  be  unity.    With  this  defiiiitioi 
unit  force  the  formula  for  the  second  law  takes  the  simple  form 

Since,  as  Galileo  found  (and  as  Newton  and  Besse!  proved  more 
completely),  all  bodies  fall  with  the  same  acceleration  (allowance 
being  made  for  air  friction),  it  follows  from  the  above  formula 
that  the  tnasses  of  bodies  are  proportionai  to  their  weights.  Thii, 
is  the  principle  of  the  common  balance  by  which  the  masses  of' 
bodies  are  compared  by  comparing  their  weights. 

43.  Unite  of  Force.  A  unit  of  force  defined  as  in  the  pre- 
ceding section,  namely,  such  that  when  acting  on  unit  mass  # 
gives  it  unit  acceleration,  is  called  an  absolute  unit;  it  is  the  unit  of 
force  which  bears  the  simplest  possible  relation  (o  the  units  of 
mass,  length  and  time.  When  these  units  are  the  gm.,  the  cm, 
and  the  sec,  respectively,  we  have  what  is  called  the  C.  G.  S, 
system  of  units,  and  the  absolute  unit  of  force  in  this  system,  which 
is  the  force  that  will  give  to  one  gm.  an  acceleration  of  one  cm, 
per  sec.  per  sec.  is  called  the  dyne. 

Since  a  body  of  one  gm.  mass  allowed  to  fall  freely  has  an 
acceleration  of  980  cm.  per  sec.  per  sec.  (approx.),  the  force 
acting  on  it,  which  is  its  ■weight,  must  be  980  times  larger  than  the 
unit  of  force,  that  is  the  dyne  is  about  r/980  of  the  weight  of  a 
gram,  and  is  therefore  slightly  greater  than  the  weight  of  a 
mgm. 

EnsiDcers  in  English  speaking-  countries  use  the  weight  of  a  pound 
unit  of  force.  With  Ihis  unit  of  force  and  the  mass  of  a  pound  as  u 
of  mass  the  value  of  *  in  the  formula  (!  41)  for  ihe  second  taw  cannot 
unily.  For  when  the  pound  mass,  that  is  unit  mass,  is  allowed  to  i 
it  il  acted  on  by  the  weight  of  a  pound  which  is  unit  force,  and  its 
celetBtion  is  sa.a.  Hence  k=  i/ja.i  and  with  these  units  the  second  Uw 
niust  be  wHtlen  In  tbe  form 

F—  J-,„fl 
33.3 

H.  however,  we  take  ii.a  lbs.  as  unit  of  mass,  that  is,  if  we  first  divide 
in  pounds  by  31.1  to  get  it  into  the  new  unit  and  then  use  tbit  »«lue  ia 

the  formula,  we  may  omit  the  inconvenient  i/ja.a. 

'4.  Newton's  Second  Law  (Continued).  The  statement  of  the 
id  law  of  motion  is  so  brief  that  some  things  implied  in  II 
t  easily  escape  notice. 


DYNAUtCS.  33 

I.  In  [he  stalement  of  the  law  the  rale  of  change  of  mornenium 
fif  a  body  is  spoken  of  without  any  reference  to  whether  the  body 
iUrls  from  rest  or  is  initially  in  motion.  Hence  it  is  implied  that 
ikt  effect  of  a  farce  applied  to  a  body  is  independent  of  the  state 
of  molioM  of  Ike  body  n-hen  the  force  begins  to  act.  For  example, 
gravity  is  a  force  that  acta  vertically  downward.  When  a  body 
is  ijropped  from  a  height  the  force  of  gravity  gives  it  a  certain 
acceleration  downward ;  i  f  the  same  body  be  started  downward  with 
J  certain  velocity  its  acceleration  downward  will  be  the  same  as 
wli«a  the  body  is  simply  dropped  and  the  same  will  be  true  if  the 
My  be  given  an  initial  velocity  upward  or  in  any  direction.  It 
is  found  possible  to  play  games  of  ball  or  cricket  on  a  moving 
iteamship;  the  effect  of  throwing  the  ball  with  a  certain  force 
or  striking  it  with  a  bat  is  the  same  as  when  the  steamship  is  at 
rest 

2.  The  law  states  how  a  force  will  affect  the  motion  of  a  body, 
but  it  makes  no  reference  to  whether  some  other  force  is  acting 
on  the  body  at  the  same  time  or  not.  Hence  it  is  implied  that 
each  force  produces  its  ou-n  effect  independently  of  the  simultane- 
ous action  of  any  other  force;  and  when  several  forces  act  on  a 
body  we  may  calculate  the  acceleration  produced  by  each  as  if 
the  oilier  forces  did  not  exist  and  then  add  the  accelerations  to 
find  the  whole  effect  of  all  the  forces.  This  very  important  prin- 
ciple is  sometimes  called  that  of  the  indefendence  of  forces. 

46.  ImpnlBe  of  a  Force.  The  product  of  a  force  and  the  time 
during  which  it  acts  is  called  the  impnlse  of  the  force.  When  a 
force  F  acts  on  a  mass  m  for  time  t,  from  the  formula  for  the 
Second  Law  of  Motion,  by  multiplying  both  sides  by  (,  we  get 

I  Ft  =  mot 

Imow  at  is  the  increase  of  velocit}-  produced  and  this  multiplied 
'  bjf  m  is  the  increase  of  momentum.     Hence  the  impulse  of  a  force 

equals  the  momentum  produced  by  it.     If  the  body,  starting  from 

rest,  has  at  time  1  a  velocity  v 

Fl  =  mv 

46.  Newton's  Thlid  Jmw  ot  Motioo.    Action  and  reaction  are 
and  opposite.     In  the  6rst  and  second  laws  of  motion  forces 
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acting  on  bodies  were  spoken  of,  but,  for  convenience,  the  qu 
tion  of  what  exerts  the  force  was  not  considered.  This  lack 
supplied  by  the  third  law. 

The  action  and  reaction  here  referred  to  mean  force  and  count< 
force.  The  meaning  of  the  statement  is  that  force  on  any  one  bo 
is  exerted  by  some  other  body  and  this  other  body  itself  expe 
ences  an  equal  and  opposite  force  exerted  by  the  first  body,  t 
line  of  action  of  both  forces  being  the  line  joining  the  two  bodi 

In  many  cases  the  truth  of  this  law  will  be  recognized  as  bei 
evident.  For  example  when  one  presses  his  two  hands  against  ea 
other  it  will  be  admitted  that  the  hands,  if  at  rest,  press  equa 
in  opposite  directions.  If  one  hand  be  pressed  against  a  wall  t 
same  must  still  hold,  since  the  wall  merely  takes  the  place  of  t 
other  hand  in  the  first  illustration.  But  the  case  is  not  so  cle 
when  a  hand  is  pressed  against  an  obstacle  that  moves.  How, 
is  sometimes  asked,  can  there  be  motion  produced  if  the  fore 
are  equal  and  opposite  ?  The  answer  is  that  the  two  forces  spok 
of  do  not  act  on  one  body;  there  is  one  force  exerted  by  the  ha; 
on  the  obstacle  and  the  obstacle  yields  unless  restrained  by  soi 
other  force;  the  reaction  is  the  back  pressure  of  the  body  on  t 
hand,  not  a  force  acting  on  the  body. 

Consider  also  the  forces  that  come  into  play  when  a  horse  of  mass 
pulling  on  a  horizontal  rope  of  mass  m,  draws  a  block  of  mass  m^  He 
there  are  four  pairs  of  actions  and  reactions.  In  the  first  place  the  hoi 
pushes  against  the  ground  and  the  reaction  of  the  ground  is  an  equal  a: 
opposite  push.  Let  the  magnitude  of  this  horizontal  action  and  reacti' 
be  Ft.  Secondly  the  horse  exerts  a  forward  pull,  of  magnitude  say  F^  < 
the  rope  and  the  reaction  of  the  rope  is  equal  and  opposite.      The  ro 

exerts  a  force  on  the  block  and  t 
block  exerts  an  equal  and  opposi 
reaction,  the  magnitude  of  eat 
being  Fa.  Finally  there  is  the  actl 
and  reaction  between  the  block  ai 
the  ground ;  let  the  horizontal  coi 
ponent  of  this  have  a  magnitude  J 
If  there  is  an  acceleration  a, 
there  must  be  to  begin  the  motic 
Fi  is  greater  than  F,  by  mxO,  Fa  is  greater  than  F,  by  tn^  and  F,  is  great 
than  F4  by  nitia.  Thus  F^  exceeds  F*  by  {nh-\' mt'\' m^)a  and  this 
therefore,  the  total  backward  push  on  the  ground.  When  the  motion  has  b 
come  constant  a  =  o  and  all  the  forces  mentioned  are  of  equal  magnituc 


Four  pairs  of  actions  and 
reactions. 
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Since  a  force  is  always  accompanied  by  a  counlcrforce,  the  two 

•fc  parts  or  different  aspects  of  one  inseparable  whole  and  the  two 

.  '^Jjcther  constitute  what  is  called  a  stress.     Thus  every  force  is 

I  ^le  partial  aspect  of  some  stress,  just  as  a  purchase  and  a  sale 

I- *re  partial  aspects  of  an  exchange. 

tl.  Force  Beqnired  for  Uotion  in  a  Circle.  When  a  particle 
involves  in  a  circle  it  has  an  acceleration  toward  the  center 
IBal  to  v'/r  (I  32)  where  v  is  the  magnitude  of  the  velocity  (i.  e., 
t  speed)  and  r  is  the  radius.  To  cause  this  acceleration  there 
list  be  a  force  directed  toward  the  center  and  according  to  Ncw- 
s  Second  Law  this  force  F  must  be  such  that 


exerts    the    force  ^ 

example,  the  par-  /"'         "^fc 

;  to  the  finger,  the      /  ^  \ 

"' '\D 


[ainst  this  force  the  particle  witi  exert  an  equal  and  opposite 
rtion    on   the   body   that   exerts    the    force 
toward  the  center.     If,  for  e 
tide  be  attached  by  a  string  t 
reaction  will  be  a  force  acting  on  the  fingci' 
and  will  be  in  a  direction  outward  along  the 
radius.     This  reaction  is  called  a  centrifugal 
force.     Thus  the  centrifugal    force    is 
force  acting  on  the  moving  body  but  a  rcac-      ude  moving  m  «  dr- 
tion  exerted  by  thai  body  on  the  other  body      font  loward  ihe  rm- 
that  exerts  the  force  toward  the  center  (that      '"■ 
the  above  formula  also  applies  to  the  motion  of  a  body  is  shown 
in  5  101). 

lUustcations  0!  the  above  are  very  numerous  and  a  few  may  be  mcn- 
lioned.  Drops  of  water  ore  thrown  off  tangenlially  from  a  rapidly  moving 
liieycJc  or  carriage  wheel  owing  to  Ihe  fact  ihat  there  is  not  a  suflicieiit 
force  toward  the  center  acting  on  thein  and  ihey  therefore  move  off  on  a 
tangent  in  accordance  with  Ihe  first  law  of  motion.  A  train  rounding 
a  curve  presses  outward  on  the  rails  and  the  resultant  of  this  force  and  th« 
"ertical  weight  of  the  train  is  a  force  inclined  to  the  vertical.  Since  it 
is  desirable  that  the  whole  force  should  be  perpendicular  to  Ihe  ilecpers  the 
outer  rail  is  raised.  In  ihc  Ccttlrifugal  drier  nsed  in  laundries  and  sugar 
refineries  the  material  lo  be  dried  is  placed  in  a  perforated  cylinder  rotating 
about  its  axis  which  is  vertical ;  Ihe  drops  of  water,  not  being  held  liy  a 
I    farce   directed   lo   the   center   escape   Ihrougb   the   perforation!.      In    the 
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Tie  hi^cT  Ike  ipecd  of  htMf  ike  ksi  il  p 
n  fidl^  AncfMC,  it  «  w  rilv;  (or  Bon  rf  At 
■  sf  Ac  bddBC  b  callcJ  •■  ta  imilj  the  raqniM  force  Wwud  Ac 
r  /ar  e  iM—  Pngi—  csskms  of  a  pair  of  bdl 
■  lale  pnpoctiaaal  lo  die  ^te 
Ike  eaciae;  wfcm  tkis  ^raj  ejMtJi  Ike  denred  Bail  tlie  ontwanl  b 
Meat  vf  Ike  baO*  act*  as  ■  slam-Tatrc  n  ai  to  decrease  tbe  speed  of  At 

Kesnltant  of  Forces.  E^oilibriaBL 
4S.  Composttiim  of  Forces.  Two  or  more  forces  may  act  on  a 
bod;  al  tbe  same  time.  For  example,  a  bodj  falling  because  of 
the  attraction  of  the  earth  may  be  drawn  horizontally  by  i 
stretched  spring  or  blown  by  wind  pressure.  In  such  cases  each 
force  produces  an'  acceleration  independently  of  the  action  of  the 
other  forces  (§44)  and  the  body  travels  in  some  path  with  a 
definite  acceleration  which  is  the  resultant  of  the  accelerations 
produced  by  the  separate  forces. 

The  retitllant  of  Iwo  or  more  forces  is  defined  as  Ike  sin^t 
force  which  will  produce  the  resultant  acceleration.  The  resultant 
of  any  number  of  forces  which  act  on  a  particle  can  be  found  by 
vector  addition,  that  is  by  a  triangle,  parallelogram  or  polygon 
construction.  For  a  force  has  a  certain  magnitude  and  a  certain 
direction   and  is  therefore  a  vector  quantity. 

B ^D     Hence    any    number    of    forces    acting  on    a 

/>  ^.^-^^Z         particle  may  be   represented  by  lines  drawn 

■^-""^    >  '  from    a    point.     Let   AB    and   AC    represent 

Fio.  iB.  '""'   f"""*^*^  ^1  ^"**  ^'.>  acting  on  a  particle. 

Complete  the  parallelogram  ABDC.     By  the 

Second  Law  of  Motion  the  accelerations  produced  by  F,  and  F, 

ore  in  the  directions  of  and  proportional  to  AB  and  AC  and  the 

resultant  acceleration  must,  therefore,  be  represented  by  AD;  and, 

since  the  rcsultanl   force  is  the   force  that  will  produce  the 


DYNAMICS. 


Bliant  acceleration,  il  must  be  in  the  direction  AD.  If  now  we 
snoic  llie  acceleration  produced  by  /-,  and  F,  by  a,  and  a,  respec- 
rely  and  if  the  resultant  force  and  acceleration  be  denoted  by 

L  and  a  respectively,  by  the  Second  Law  of  Motion 


F  :  F-. 


:  AD  :  AB  :  AC 


Hence  AD  represents  the  resultant  force  on  the  scale  on  which 
i  and  AC  represent  the  separate  forces.  This  very  important 
wit  called  the  FaraUelogiam  of  Forces  is  usually   stated  as 


i 


If  two  forces  acting  on  a  particle  be  represented  by  tivo  lines 
iraum  from  a  point  and  if  a  parallelogram  be  drawn  with  these 
Kvo  lines  as  sidirs,  the  resultant  ivill  be  represented  by  the  diagonal 
thai  passes  through  the  point. 

Since,  then,  we  may  add  two  forces  by  the  parallelogram  method 
or  by  the  triangle  method  (which  is  essentially  the  same),  we  may 
in  the  same  way  add  a  third  to  the  resultant  of  these  two  and  so 
on.  Hence  tlie  polygon  method  of  addition  applies  to  forces  act- 
ing on  a  particle. 

Let  $  be  the  angle  between  the  directions  of  the  force  F,  and  F, 
Then  as  in  the  cases  of  velocities  and  accelerations 

r  =  F'  +  F,'  +  2F,F,  cos  e 

49.  S«solntion  of  a  Force  into  Oomponents.  Since  two  or  more 
forces  acting  on  a  particle  can  be  replaced  by  a  single  force  called 
their  resultant,  a  single  force  can  be  replaced  by  two  or  more 
forces  which  added  geometrically  give  the  single  force.  This  is 
called  (he  resolntion  of  a  force  into  components. 

Tbc  iDOSt  important  ease  practically  is  when 
ihc  components  are  at  right  angles  to  each 
ithcr.  When  a  single  force  is  resolved  into 
two  components,  the  two  components  must 
t*  in  same  plane  with  the  force  resolved. 
When  (he  two  components  are  at  right  angles 
'.be  component  that  makes  an  angle  a  with 
the  whole  original  force  F  has  a  magnitude  F  cos 
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iiii|ii>nrnt  j.t  F  sin  a,    Tlie  agreonsit  aa  reganh  tfie  s^  <A 
<k1i-«  iii)(r<l  ill  8  33  applies  to  die  present  case. 

A  force  F  inaf  also  be  rcsolTed  into  thrct 

a  components  in  three  directiona  at  right  angla 

to  each  other.     All   that  is   necessarr  is  to 

construct  a   right-angled   paialldopiped  wilb 

the  line  reprcsentiiig  the  force  F  as  diagnul 

and  with  edges  tn  the  three  rectangular  <Snc- 

tions.    H  the  three  directions  be  taken  is  am 

I  t  and  if  the  components  be  denoted  by  F^  F^  ^i 

v>i>  olinll  have 


=  F.'  +  f,'  +  i^.' 


i<i»i«tW4w  of  ttw  BMolntloii  of  a  Forca  Into  Ooopnuati.  i- 

•  I  H^-<^■>l  •■1  a  t<i<dir  of  max  m  acts  verticallr  domwardi  udii 
..,.>.  ,1—i'a  «^       U  ■  bodjr  it  not  free  to  move  verticallr  \ks'^ 
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1.  Id  Ihc  case  of  a  Idte  the  compoDcnt  of  (be 
■uj  pretsure  parallel  to  ihe  mrfacc  of  the  kite 
itti  DO  tScct ;  the  conii>aDciit  petpeDdtcolar  U  the 
bit  vhfD  Ihe  kite  bas  riceo  to  the  plt>p«t  tcrel 
'j  cquil  aii<i  o[>po5ite  lo  the  resultant  oC  the  inlli 
T  ol  ihe  coid  and  the  weight  mg  of  the  Idle. 

GL  Analytical  Method  of  Camponndins 
Fmcm.  a  simple  and  general  method  of 
Elding  the  resultant  of  a  number  of  forces  in  a  plane  ia  to 
rnolvc  each  iti  two  directions  at  right  angles  and  then  add  all 
'Ittse  components.  Thus  let  F^  F,  ■  ■  ■  be  the  forces,  acting  on 
J  panicle  at  O.  Take  any  two  convenient  rectangular  dircc- 
<m  Ox  and  Oy  and  let  the  angles  F^  F,-  -  -  make  witli  Ox  be 
«!.«,■■-  respectively.  Then  F,  is  equivalent  to  F,  cos  a,  along 
Oi  and  F,  sin  o,  along  Oy  and  so  for  ilie  other  forces.  Let  the  stim 
°f  ihe  components  along  Ox  be  denoted  by  X  and  the  sum  of  the 
wunponents  along  Oy  by  K.    Then 


=  F,  cos  tt,  +  F,  cos  a,  4-  ■ 
=  F,  sin  oi  +  F,  sin  o,  H-  • 


=  SFC0Sa 
=  S  F  sin  a 


IVc  have  thus  replaced  the  forces  F,F,  -  -  -  by  X  along  Ox  and  Y 
along  Oy.  The  resultant  of  A'  and  Y  is 
the  resultant  of  F„  F„  etc.  Let  the  mag- 
nitude of  the  resultant  be  R  and  let  it  make 
an  angle  $  with  OX.    Then 

IP^X'+Y' 

These  formula;  give  the  magnitude  and  ihe 
direction  of  the  resultant.  In  using  this 
method  it  must  be  remembered  that  when 
we  substitute  for  each  angle  a  its  numerical 
value  we  must  call  the  angle  positive  if  it 
is  measured  in  ihc  direction  regarded  as 
positive,  say  the  counter-clockwise  direc- 
the  opposite  direction  it  must  be  regarded  as 


tion;  if  measured 
^jBgative. 
^Bjplie  angle  0  that  the  resultant  makes  with  Ox 


i  found  from 


■*o 
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Ha  tai^ent.  Wbea  the  '"■c"'  is  poaili»c  it  shows  that  the  angle 
is  betw ecD  o  vti  90*  or  bilauii  180'  ami  270*.  To  deotle  between 
these  two  note  ifaat  tbe  ^bs  d[  the  *alncs  o{  X  aod  ¥  most  be 
cither  both  positii«  or  bodi  negative  since  the  tu^ent  is  poatire. 
If  both  are  positiTe  #  is  between  o*  and  90* ;  if  both  are  ne^live 
h  lies  between  180'  and  270*.  The  reader  sbonid  have  no  difficulty 
in  comptcting  the  reasoning  for  tbe  case  in  which  tan  8  is 
negative. 

When  X  and  V  are  both  zero,  thai  is,  when  the  stun  of  tbe  com- 
ponents in  each  of  two  dircctkns  at  right  angles  is  zero,  R  is 
also  zero.  Conversely,  when  R  is  zero  X  and  Y  most  also  each  be 
zero,  since  the  square  of  a  number  cannot  be  negatiTe. 

When  the  forces  to  be  compounded  are  not  all  in  otie  plane 
we  may  take  three  directions.  Ox,  Oy.  Ox.  at  right  angles  and 
resolve  each  force  into  components  in  these  three  directions.  Denote 
the  sum  of  the  components  along  Ox  by  X,  that  along  Oy  by  Y, 
and  that  along  Ox  by  Z  and  let  the  resultant  be  R.    Then 

J?  =  X*+r-|-2' 

If  X  =  0,  K=0  and  Z  =  o,  then  R  =  o.  The  converse  is  also 
true,  Bince  X',  F"  and  2*  must  be  either  positive  or  lero. 

62.  EimiUbriiuii  of  Forces  Acting  on  a  Pai^ 
tide.  IVhen  the  resultant  of  the  forces  acting 
on  a  particle  is  sero  the  forces  are  said  to  be  in 
equilibrium,  that  is,  in  a  state  of  balance  so  that 
they  do  not  change  the  motion  of  the  particle. 
When  two  equal  and  opposite  forces  act  on  a 
particle  they  are  in  equilibrium,  for  their  result- 
ant is  zero.  Conversely,  if  two  forces  are  in 
equilibrium  they  must  be  equal  and  opposite,  for 
otherwise  their  resultant  could  not  be  zero. 

When  three  forces  acting  on  a  particle  arc  in  the  direction  of 
and  proportional  to  the  sides  of  a  triangle  tc^en  in  order  they 
are  in  equilibrium.  For  if  the  three  forces  F„  F„  F,  be  in  the  direc- 
tion of  and  iiroportional  to  AB,  BC,  CA,  the  resultant  of  F,  and  P, 
will  be  represented  by  AC  and  the  resultant  of  forces  represented 
f  AC  and  CA  is  icro.  The  converse  of  this  proposition  is  that 
^hree  forces  acting  on  a  particle  be  in  equilibrium,  and  if  any 


I 


DYNAMICS.  41 

triangle  be  drawn  zvith  its  sides  respectively  in  the  directions  of 
the  forces,  the  forces  tvill  be  proportional  to  the  sides  of  this 
triangle.  To  prove  this  statement  let  us  suppose  that  AB  and  BC 
are  any  two  lines  in  the  direction  of  and  proportional  lo  two  of 
the  forces  F,  and  F^  Then  a  force  represented  by  AC  is  equiva- 
lent to  F,  and  F,  taken  together.  Hence  since  the  forces  are  in 
equilibrium  the  third  force  F,  must  be  in  the  direction  of  and 
proportional  to  CA.  Now  any  other  triangle  such  as  A'B'C  with 
sides  in  the  directions  of  F„  F^  F,  respectively,  that  is,  in  the  direc- 


■^ 


'^ 


lions  of  AB,  BC,  CA,  respectively,  must  be  simiJar  to  ABC.  Hence 
its  sides  must  be  proportional  to  the  sides  of  ABC,  that  is,  to 
F„  F„  F,  respectively.  This  converse  proposition  is  very  im- 
portant, for  when  we  know  the  directions  of  three  forces  that  are 
in  equilibrium  we  can  find  the  relative  magnitudes  of  the  forces 
by  constructing  a  triangle  with  its  sides  in  the  directions  of 
I'the  forces. 

When  any  number  of  forces  acting  on  a  particle  are  in  the 
dtreclions  of  and  proportional  to  the  sides  of  a  closed  polygon 
taken  in  order  they  are  in  equilibrium;  for  the  resultant  is  zero. 
The  converse  of  this  proposition,  for  more  than  three  forces,  is 
not  true;  for  polygons  are  not  necessarily  similar  when  their 
respective  sides  are  parallel. 

When  any  number  of  forces  are  such  that  the  sum  of  their  com- 
ponents in  each  of  three  directions  at  right  angles  is  zero  they 
are  in  equilibrium.    This  is  evident  from  g  51,  for  when  X,  Y  and 
Z  are  all  zero  R  must  also  be  zero.     Conversely,  when  any  num- 
^^ber  of  forces  are  in  equilibrium  the  sum  of  their  components  in 
^BoHjr  direction  equals  zero;  for  we  may  take  this  direction  as  one  of 
^Hnree  at  right  angles;  and,  since  R  is  zero,  the  sum  of  the  com- 
^Bments  in  each  of  these  three  directions  is  zero  (§51). 
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Work  and  Eserg;. 

53.  Wort  Wlien  a  force  acts  on  a  body  the  product  of  the  force 
by  the  distance  through  ivhich  it  acts  iii  the  direction  of  the  force 
is,  as  we  shall  see  later,  a  very  important  quantity  and  is  called 
the  work  performed  by  the  force.  Thus  when  a  force  applied  to 
a  heavy  body  raises  it  a  certain  vertical  distance,  work  is  per- 
formed by  the  force,  the  amount  of  the  work  being  the  product  of 
ihe  force  and  the  distance  of  ascent;  and  when  a  horizontal  force 
draws  a  body  horizontally  the  work  is  the  product  of  the  force 
and  the  horizontal  distance. 

The  phrase  "in  the  direction  of  the  force"  that  occurs  in  the 
definition  of  work  should  be  carefully  noted.  When  there  is  no 
motion  in  the  direction  of  a  force  no  work  is  performed  by  that 
force.  For  instance,  a  travelling  crane  may  by  its  chains  exert 
an  enormous  force  in  sustaining  a  heavy  body  and  it  may  move 
the  body  through  a  great  distance  horizontally  but  the  force 
exerted  by  the  chains  will  do  no  work  if  there  is  no  vertical 
motion.  If  a  force  F  acts  constantly  on  a  body  while  the  body 
moves  a  distance  -48  which  is  not  in  the  direction  of  the  force, 
to  get  the  work  performed  we  must  take  the  projection  of  AB  on 
the  line  of  action  of  the  force  and  multiply  the  projection  by  the 
force.  If  fl  is  the  angle  between  AB  and  the  direction  of  the 
force,  the  projection,  AC,  of  AB  on  the  line  of  action  of  the  force 
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is  AB  cos  S  and  the  work  performed  is  F-AB  cos  6-  This  at 
once  suggests  another  method  of  calculating  the  work  performed 
for  F  ■  AB  cos  B  is  the  same  as  F  cos  fl  ■  AB  and  F  cos  6  is 
component  of  F  in  the  direction  of  AB.  Thus  the  work  performed 
by  a  force  is  also  the  product  of  the  total  distance  by  the  com- 
ponent of  the  force  in  the  direction  of  motion. 

Work,  or  the  product  of  force  and  distance,  must  be  carefull] 
distinguished  from  the  impulse  of  a  force  which  is  the  product  of 
a  force  and  the  time  during  which  it  acts  (§45).     Given  a  force 
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the  distance  through  which  it  acts,  wc  do  not  need  to  know 
the  time  in  order  to  calculate  the  work. 

64.  FositiTe  and  Kegative  Work.  Forces  always  exist  in  pairs 
of  equal  and  opposite  forces  (§46).  Hence,  when  a  force  applied 
to  a  body  does  work  by  moving  the  body  in  the  direclion  of  the 
force,  it  must  at  the  same  time  overcome  an  opposing  force  or 
reaction.  The  applied  force  in  this  case  does  positive  work,  since 
the  motion  is  in  the  direction  of  the  applied  force.  This  work 
is  done  against  the  reaction,  or  we  may  say  that  the  reaction  does 
negative  work,  since  the  motion  is  in  the  opposite  direction  to  the 
reaction. 

The  nature  of  the  reaction  is  different  in  different  cases.  A 
horse  attached  to  a  wagon  is  doing  work  against  the  force  of  fric- 
tion when  the  wagon  is  moving  uniformly  or  we  may  say  that  the 
force  of  friction  is  doing  negative  -work.  In  starting  the  wagon 
into  motion  the  horse  does  work  against  ihe  inertia  of  the  wagon 
and  also  of  the  horse  in  addition  to  the  work  it  does  against 
friction.  When  a  body  is  moving  in  one  direclion  and  a  force  is 
suddenly  applied  in  the  opposite  direction  the  body  does  positive 
work  against  the  force,  which  in  this  case  does  negative  work. 

66.  Units  of  Work.  The  unit  of  work  is  Ihe  tvork  done  by  the 
unit  force  m  acting  through  unit  distance.  When  the  dyne  is 
laken  as  unit  of  force  and  the  cm.  as  unit  of  length,  the  unit  of 
M-ork  is  that  performed  by  a  dyne  acting  through  a  cm.  and  is 
called  an  erg.  Since  this  is  a  vcr>-  small  unit,  a  multiple  of  it, 
namely  10,000,000  ergs,  is  frequently  used  and  is  called  a  jonlo. 

Wlien  tbe  weight  oE  a  pound  is  tsken  as  unit  of  force  and  the  (oat  a> 
mdt  of  length,  the  unit  of  work  is  Ibe  work  done  by  a  force  equal  to  tbe 
•eight  of  one  pound  when  it  acts  through  one  foot  and  is  called  a  faol- 
fMind. 

66.  Diagram  of  Work.  When  a  force  is  constant,  to  find  the 
work  it  does  we  multiply  the  magnitude  of  the  force  hy  that  of 
the  displacement :  but,  when  a  force  is  variable,  sonie  other  method 
has  to  be  adopted.  One  way  is  to  divide  the  whole  displacement 
np  into  small  parts  and  multiply  each  small  part  hy  the  force  3 
ilie  middle  of  the  small  displacement  and  then  add  all  the  products. 
By  taking  the  parts  small  enough  we  may  get  tbe  worl 
rately  as  may  be  desired.     A  graphical  method  is  often  preferable. 
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It  is  entirely  similar  to  the  method  used  in  finding  the  distance 
a  point  travels  when  it  has  a  variable  velocity  (g  22).  Let  OA  be 
a  line  that  represents  on  some  scale  the  whole  displacement  meas- 
ured in  the  direction  of  the  force.  Divide  OA 
up  into  a  very  large  number  of  small  equal 
parts.  At  0  erect  a  perpendicular  OB  to  repre- 
sent on  some  scale  the  force  at  the  beginning 
of  the  first  part ;  erect  similar  perpendiculars  to 
represent  the  magnitude  of  the  force  at  the  be- 
ginning of  the  other  parts  and  through  the  ends 
of  Ihese  perpendiculars  draw  a  smooth  curve  BC. 
If  we  calculated  the  work  done  in  a  small  dis- 
placement flt  by  taking  for  the  force  its  value  at 
the  beginning  of  ah,  the  result  would  be  too  small;  and  if  we 
made  the  calculation  by  taking  the  value  of  the  force  at  the  end 
of  ah  the  result  would  be  too  large  and  similarly  for  all  the  other 
intervals.  By  continuing  the  reasoning  as  in  §22  we  find  that 
the  actual  work  done  is  represented  by  the  area  OBCA. 

Thus  to  find  (he  whole  work,  we  need  only  to  measure  the  area 
of  the  figure  and  then  allow  for  the  scale  on  which  it  is  drawn. 
If  each  unit  of  length  along  OA  stands  for  m  units  of  length  in 
the  displacement  and  if  each  unit  of  length  along  OB  stands  for 
n  units  of  force  each  unit  of  area  will  stand  for  mn  units  of  work, 
and  the  whole  area  muhiplied  by  mn  will  give  the  whole  work. 

When  the  curve  of  force  is  a  straight  line  the  area  may  be 
readily  calculated.  For  example  let  us  calculate  the  work  done 
in  stretching  a  spring.  In  this  case  it  is  known  that  the  force 
that  is  needed  to  keep  a  spring  stretched  is  proportional  to  the 
amount  of  the  stretch  or  increase  of  length  (provided  this  be  not 
so  great  as  to  permanently  lengthen  the  spring).  Hence  if  the 
spring  is  stretched  by  an  amount  x  the  force  applied  to  it  is  kx 
where  A  is  a  constant.  If  then  a  curve  be  drawn  with  the  values 
of  kx  as  ordinates  and  the  values  of  x  as  abscissa,  this  curve  will 
be  a  straight  line  and  the  line  will  pass  through  the  origin  since 
kx  is  zero  when  x  is  zero.  To  find  the  work  done  in  increasing 
the  amount  of  the  stretch  from  x^  to  x,  where  OL  =  x^  and  ON 
^x„  we  must  find  the  area  PLNQ.  Now  this  is  equal  to 
iLN(PL+QN).  Hence  the  work  done  is  i(x,  —  x,){kx,  +  kx,) 
or  dkx' — 1*^,')-     This  is  also  the  work  the  spring  will  do  in 
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rrontracting.  since  at  each  step  the  force  of  contraction  is  equal 
to  the  force  required  to  stretch.     If  the  initial  stretch  be  zero, 
x^^o,  and  the  work  required  to   stretch  by 
the  amount  x,  is  ikx'.     While  we  have  re- 
ferred   especially   to   the   force   exerted  by  a 
spiral    spring,   the  above   proof  and    formula 
evidently  apply  to  the  work  done  by  any  force 
that   is  proportional  to  displacement.     These     **       ""p  , 
we  shall  find  later  are  very  numerous. 

67.  Power  or  Activit;.  The  rate  at  which  an  agent  works  or  ihe 
number  of  units  of  work  performed  per  unit  time  is  called  the 
power  or  activity  of  the  agent.  In  C.G.S.  units  the  unit  of  ac- 
tivity is  that  of  an  agent  that  does  one  erg  per  second.  As 
this  unit  is  extremely  small,  the  unit  employed  for  most  scientific 
purposes  is  lo'  ergs  per  second  or  one  joule  per  second  and  is 
called  the  viatt;  a  still  larger  unit  is  the  Kilowatt  which  equals 
one  thousand  watts. 

The  unit  largely  emptoyed  for  engioeering  purpotei  is  tbe  korst'fowtr 


wbich   ia  the  power  of  a: 
Jj.ooa  fL  pounds  per  min 

68.  Kinetic  Energy, 
acting  on  a  body  of  xx 
force.    F  will  cause  ao 


1  agent  Ihat  does  S50  ft.  pounds  per  second  or 

Consider  the  case  of  a  constant  force  F 
.3SS  m  which  is  not  acted  on  by  any  other 
acceleration  a  such  that  o  ^ /'/m.     If    the 


I 


velocity  increases  from  m  to  v  in  a  distance  s 

r"  =  (^  +  2(M 

To  get  the  work  performed  by  F  we  substitute  the  v 
thus  get 

Fs  =  }imi^—\mu' 


I  One  half  the  product  of  the  mass  of  a  body  by  the  square  of  its 
velocity  is  called  the  kinetic  energy  of  Ihe  body.  We  may  there- 
(ore  stale  the  above  expression  thus: 


Work  done  ^  gain  of  kinetic  energy; 

It  it  must  be  remembered  this  is  only  for  the  case  in  which  the 
irce  acts  on  a  body  which  is  otherwise  free. 
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We  also  supposed  that  the  force  is  a  constant  one;  but  we  may 
readily  extend  the  conclusion  to  the  case  in  which  the  force  is 
not  constant.  For  we  may  divide  the  whole  distance  into  very 
small  parts  in  each  of  which  the  force  is  practically  constant  and 
in  each  the  work  done  will  be  equal  to  the  gain  of  kinetic 
energy.  If  we  denote  the  small  movements  by  j,.  s^  etc.,  and  the 
forces  in  these  by  F„  F„  etc.,  respectively,  the  total  work  done  will 
be  the  sum  (F,s,-i- F^,-i-  •  ■  ■  etc.)  which  we  may  abbreviate  to 
XPs.  The  total  gain  of  kinetic  energy  will  be  the  final  kinetic 
energy  minus  the  initial  kinetic  energy.  Hence  if  ihe  initial  veloc- 
ity is  u  and  if  the  final  velocity  is  v 

^fs^imv'—imu' 

If  the  body  starts  from  rest  so  that  m  =  o  the  vt'ork  done  while 
the  body  acquires  the  velocity  v  will  be  imv'. 

We  may  also  reverse  the  circumstances  and  enquire  what  work 
a  body  in  motion  can  do  if  it  meets  an  opposing  force  and  is 
brought  to  rest.  Suppose  that  it  exerts  a  constant  force  F.  Then 
the  opposing  force,  that  is  the  force  applied  to  the  body,  will 
be  — F  and  the  acceleration  will  be  a  negative  one  equal  to 
—  (F/m),  and  since  as  before 

7/*  ^  m'  -|-  2as 
we  gel  by  substitution 

Fs=  Jmw'  —  Jffii/' 

Thus  the  work  done  by  the  body  against  the  resistance  is  equal  to 
the  loss  of  kinetic  energy  of  the  body.  If  the  force  overcame  is 
not  constant,  as  when  the  body  compresses  a  spring,  we  may  as 
before  divide  the  whole  distance  into  small  parts  and  summate. 
Thus  if  the  initial  velocity  be  u  and  the  final  velocity  v  we  shall 
have  the  expression  2/^J  for  the  whole  work.    Hence 


%Fs  =  ^m 


-imi/* 


If  the  motion  continue  until  the  body  is  brought  to  rest,  v  will 
then  be  zero  and  we  shall  have  the  result  that  the  initial  kinetic 
energy  of  the  body  is  the  work  it  can  do  before  it  is  brought  to 
rest.    It  should  be  noticed  that  in  the  above  «  and  v  stand  for  the 
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magnitudes  of  the  respective  velocities,  i.  f.,  tlic  speeds  (§l6). 
The  kinetic  energy  of  a  body  depends  on  the  square  of  the  magni- 
lude  of  its  velocity  and  is  the  same  no  mailer  what  the  direction  of 
motion,  thai  is  kinetic  energy  is  a  scalar  t[uantily;  lo  the  kinetic 
energy  of  one  body  we  may  add  the  kinetic  energy  of  another 
body  and  the  sum  will  be  the  total  kinetic  energy  of  both  bodies. 

Since  a  force  does  no  work  when  it  is  always  at  right  angles  to 
the  direction  of  motion,  it  follows  that  when  a  body  is  acted  on 
by  3  single  force  at  right  angles  to  the  direction  of  motion  the 
kinetic  energy  of  the  body  remains  constant.  Thus  when  a  body 
rotates  in  a  circle  under  the  action  of  a  single  force  directed 
toward  the  center  the  force  does  no  work  and  the  kinetic  energy 
of  the  body  is  constant. 

Kinetic  energy  and  work  are  equivalent  quantities;  hence  the 
units  of  kinetic  energy  are  the  same  as  the  units  of  work. 

SB.  Kinetic  Energy  and  Gravity.  The  force  of  gravity  on  a 
body  is  for  small  distances  above  the  surface  of  the  earth  a  con- 
slant  force.  If  a  body  at  a  height  //  above  the  earth's  surface  has 
a  velocity  v  vertically  downwards,  when  it  has  fallen  so  that  lis 
distance  above  the  surface  is  A  gravity  will  have  done  an  amount 
of  work  mg{H  —  k);  and,  if  the  velocity  of  the  body  he  then  V, 
iU  kinetic  energy  will  have  increased  from  \mi/  to  \mV.    Hence 

If  on  the  other  hand  the  body  be  projected  upward  with  a  velocity 
V  from  a  height  ft,  it  will  he  opposed  by  the  force  mg  antl  the 
work  it  will  do  against  gravity  in  rising  to  a  height  H  will  be 
«£(//  —  ft).  If  its  velocity  at  the  height  //  be  v,  its  loss  of 
kinetic  energy  will  be  {ImV  —  Imtf).  Equating  the  work  done 
against  gravity  to  the  loss  of  kinetic  energy  we  get  the  same 
equation  as  above. 

In  the  preceding  we  have  supposed  the  motion  lo  be  vertical; 
but  tlie  result  will  be  unchanged  if  the  motion  is  not  vertical, 
provided  no  force  except  gravity  act  on  the  body  in  the  direction  of 
its  motion.  Any  force  perpendicular  to  the  motion  will  do  no 
work  and  cause  no  change  of  kinetic  energy.  Suppose,  for  ex- 
ample, the  body  slides  down  a  smooth  plane  through  a  distance  s 
along  the  plane.    Now  we  have  already  shown  that  it  acquires  the 
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e  velocity  as  if  it  fell  vcnicallj  a  distance  equal  to  the  he^ht 
of  the  plane  (§35).  Then  if  //  be  the  height  of  the  lop  of  the 
plane  and  k  that  of  the  bottom  the  general  equation  above  will 
stiU  hold-  The  same  is  true  if  the  descent  is  along  a  smooth 
curve;  for  a  curve  may  be  regarded  as  made  up  of  very  short 
straight  pans  to  each  of  which  the  principle  staled  will  apply. 
These  results  are  now  readily  understood  by  considering  the  work 
performed  by  gravity.  For  the  total  amount  of  motion  in  the 
direction  of  the  whole  force  of  gravity  is  {H  —  A).  Thus  the 
gain  of  kinetic  energy  in  the  descent  from  the  higher  level  to  the 
lower  must  be  the  same  as  if  the  fall  were  vertical, 

60.  Kinetic  Energr  and  Elasticity.  Wlien  a  body  is  acted  on  by 
ihe  force  due  to  a  stretched  spiral  spring,  the  spring  will  do  work 
on  the  body  if  the  spring  is  corlracling  and  the  body  will  do  work 
against  the  force  of  the  spring  if  it  is  moving  so  as  to  further 
stretch  the  spring.  Let  us  first  suppose  that  the  body  is  moving 
toward  the  spring  with  a  velocity  v,  the  spring  being  at  that 
moment  stretched  to  an  amount  X  beyond  its  normal  or  unstretched 
length.  While  the  spring  is  contracting  the  velocity  of  the  body 
will  be  constantly  increasing.  Let  the  velocity  be  V  when  the 
spring  has  contracted  so  that  its  stretch  is  decreased  to  jr.  In  this 
time  ( g  56)  the  spring  will  have  done  an  amount  of  work 
dkX' — ikx')  and  since  this  must  equal  Ihe  increase  of  kinetic 
energy  of  the  body 

JfeX"  — Jfey=lml^— Jmt/ 

We  may  also  suppose  the  case  reversed,  that  is,  we  may  suppose 
Ihe  body  to  be  moving  away  from  ihe  spring  with  a  velocity  V 
when  the  stretch  of  the  spring  is  x.  Then  the  velocity  of  the 
body  will  decrease;  and,  if  it  be  f  when  the  stretch  of  the  spring 
is  X  work  (JAA"  —  ikx")  will  have  been  done  against  the  spring 
and  the  decrease  of  the  kinetic  energy  of  the  body  will  be 
(jnil"^  —  imv').  Equating  these  we  get  the  same  equation  as 
before. 

61.  Potential  Energy.  We  shall  now  consider  the  two  illustra- 
tions just  given  from  another  point  of  view.  In  the  case  of  a 
body  projected  vertically  upward  there  is  a  loss  of  kinetic  energy 
equal  to  ffig  muUiplied  by  the  height  of  ascent;  and,  if  the  body 
be  allowed  to  descend  again,   the  same  amount  of  work  will  be 
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I  performed  by  gravity  and  the  body  will  regain  its  lost  kinetic 
energy.  Tbus  at  tbe  higher  level  the  body  (or  rather  the  body 
[and  the  earth  regarded  as  one  systetn)  has  an  advantage  of  posi- 
1  that  is  equivalent  to  a  certain  amount  of  kinetic  energy  lost 
and  this  advantage  of  position  is  measured  by  mg(H  —  h).  This, 
«nce  it  is  equivalent  to  a  certain  amount  of  kinetic  energy,  is 
called  potential  energy.  Thus  it  follows  that  the  sum  of  the  kin- 
ttic  energy  and  the  potential  energy  is  a  contlant,  a  fact  brought 
out  more  clearly  by  writing  the  equation  of  §  59  thus, 

imK*  +  mgh  =  imv"  +  mgH 

[Here  tngh  is  the  increase  of  the  potential  energy  when  the  body 
sed  from  the  arbitrary  zero  level  {e.  g.,  sea-level)  from  which 
k  is  measured  to  the  height  h,  and  a  similar  statement  applies  to 
wtgH.  When  the  body  is  at  the  zero  level  it  and  the  earth  still 
possess  potential  energy  since  work  could  be  obtained  by  allowing 
the  body  to  fall  down  a  vertical  shaft. 

Again  in  the  case  of  the  work  done  against  a  spring  by  a  moving 
body  there  is  a  decrease  of  kinetic  energy  and  this  decrease  is 
equal  to  tbe  work  done  against  the  spring.  If  the  motion  be 
reversed,  the  lost  kinetic  energy  will  be  regained.  Thus  when  the 
stretch  of  the  spring  increases  from  x  \o  X  \i  acquires  a  capacity 
for  doing  work  of  the  amount  (itX" — ^kx*),  equal  to  the  kinetic 
energy  lost  by  tlie  body ;  and  the  spring  yields  up  this  capacity 
for  doing  work  in  restoring  the  kinetic  energy  of  the  body.  Writ- 
ing the  equation  of  §60  in  the  form 

\mV*  +  Jfey  =  imi^  +  ikX' 

;  see  that  the  sum  of  the  kinetic  energy  of  the  body  and  the 
;Work  the  spring  can  do  in  contracting  to  its  unstretched  length  is 
I  constant  The  work  the  spring  can  do  in  contracting  to  its 
mstretched  length  is  the  potential  energy  of  the  spring. 

I  body  separated  from  the  earth  the  potential 

energy  of  the  body  and  the  earth  depends  on  their  relative  position 

of  the  energy  of  the  spring  the  potential  energy 

spends   on   the    relative    positions    of   the    parts    of    the   spring. 

Bence  we  may  say  that  potential  energy  is  the  capacity  a  body  or 

S 
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bock  again.  Thus  m  ihc  vibraiion  of  a  pendulum,  at  the  botl 
the  arc  of  vibration  the  potential  energy  is  reduced 
Uie  kinetic  energy  is  at  a  maximum,  while  at  the  end  of  the  arc 
of  nbration  the  kinetic  energy  is  zero  and  the  potential  energy 
hu  increased  to  a  maximum.  Similar  statements  apply  to  the 
vibration  of  a  tuning  fork,  a  violin  string,  a  body  attached  to  the 
Old  of  a  wire  and  vibrating  lorsionally,  (he  oscillations  of  the 
talance-wheel  of  a  watch,  and  so  on. 

•3.  Two  Kinda  of  Forcea,  In  the  preceding  we  have  seen  that 
whtn  the  forces  acting  between  bodies  are  forces  of  gravity  or 
farces  of  elasticity  their  action  leaves  the  total  kinetic  and  po- 
tcDlial  energy  of  the  bodies  unchanged,  or,  as  it  is  usually  stated, 
nheo  only  such  forces  act  the  total  kinetic  and  potential  energy 
IS  conserved.  Forces  whose  action  between  bodies  does  not  cause 
i  change  of  the  total  kinetic  and  potential  energy  of  the  bodies 
in  called  conservative  forces  and  any  system  of  bodies  between 
ffbich  the  forces  are  wholly  conservative  is  called  a  conservcUive 
tyslem. 

In  contrast  with  these  conservative  forces  stands  such  a  force 
u  friction.  A  moving  body  opposed  by  friction  loses  kinetic 
energy  as  its  velocity  decreases  but  it  does  not  at  the  same  time 
gain  potential  energy  to  an  equivalent  extent.  Thus  a  body  started 
;  rough  inclined  plane  with  a  certain  velocity  will  not  reach 
as  high  a  level  as  it  would  reach  if  the  plane  were  smooth  and  it 
will  not  have  as  much  potential  energy  when  it  reaches  its  highest 
point  Moreover,  its  descent  will  be  further  opposed  by  friction 
and  its  store  of  kinetic  and  potential  energy  will  thereby  be  fur- 
ther reduced.  Friction,  then,  is  a  non- conservative  force  since, 
when  in  action,  :t  causes  a  permanent  decrease  of  the  kinetic  and 
'nlial  energy  of  a  system. 

he  reason  why  such  a  force  as  gravity  has  no  effect  on  the 
sum  total  of  kinetic  and  potential  energy  is  easily  seen.  At  a 
lin  distance  of  a  body  from  the  earth  the  force  between  the 
two  depends  only  on  their  distance  apart,  and  is  independent  of 
;  way  in  which  they  are  moving.  Hence  when  they  are  moving 
away  from  each  other  and  are  a  certain  distance  apart  they  are 
losing  kinetic  energy  at  a  rate  exactly  equal  to  the  rate  at  which 
they  regain  kinetic  energy  when,  at  the  same  distance  of  separa- 
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tion,  they  are  moving  toward  one  another.  Tlias  forces  of  gravity 
between  bodies  defend  only  on  the  relative  positions  of  the  bodies. 
The  same  is  Inie  of  the  forces  between  the  parts  of  an  elastic 
spring  and  this  accounts  for  the  fact  that  SDch  forces  of  elasticity 
are  also  conservative;  in  fact  it  is  the  fundamental  characteristic 
of  all  conservative  forces.  But  a  non-conservative  force,  such  as 
friction,  depends  on  the  way  in  which  a  body  or  a  system  of  bodies 
is  moving;  it  is  always  opposed  to  the  direction  of  relative  motion 
of  bodies  in  contact;  hence  it  causes  a  diminution  of  the  kinetic 
energy  of  the  bodies  in  whichever  ditcction  motion  is  taking  placc- 

64.  The  Conservation  of  Energy.  We  have  seen  in  the  pre- 
ceding that  iiHdcT  certain  conditions  Ike  total  kinetic  and  potential 
energy  of  a  system  is  constant  or  is  conserved.  The  conditions 
referred  to  are  two,  (i)  the  system  must  not  receive  energy  from 
or  give  energy  to  any  outside  bodies,  (2)  the  forces  between  the 
pans  of  the  system  must  be  wholly  conservative.  In  reality  no 
system  wholly  satisfies  these  conditions.  No  system  is  wholly 
isolated  in  the  sense  implied  in  the  first  condition;  and  non- 
conservative  forces,  such  as  friction,  are  never  quite  absent.  But 
in  some  cases  these  conditions  are  very  nearly  satisfied.  The  solar 
system,  consisting  of  the  sun,  planets,  and  moons,  is  practically 
isolated;  and,  while  there  are  internal  frictional  forces  such  as 
those  of  the  tides,  the  work  they  do  is  so  small  compared  wilh 
the  total  energy  of  the  syslem  that  their  effects  in  reducing  the 
kinetic  energy  of  the  whole  have  not  yet  been  detected  wilh  cer- 
tainty. Again  the  system  consisting  of  the  earth  and  a  body  vi- 
brating as  a  pendulum  in  a  vacuum  is  practically  an  isolated  system 
free  from  frictional  forces  and  the  total  kinetic  and  potential 
energy  is  very  nearly  constant;  the  same  is  true  of  a  heavy  body 
attached  to  a  spring  and  vibrating  in  a  vacuum.  When,  as  in  cases 
like  these,  the  conditions  are  sufficiently  nearly  satisfied  the  prin- 
ciple of  the  constancy  of  kinetic  and  potential  energy  will  often 
lead  to  valuable  results. 

In  an  isolated  system  in  which  there  are  non-conServative  forces 
such  as  friction,  energy  is  expended  in  doing  work  against  these 
forces;  and,  if  to  the  sura  of  the  kinetic  and  potential  energy  we 
add  the  work  done  against  no n- conservative  forces,  the  sum  will 
be  constant.    But  what  becomes  of  the  energy  so  expended?    For 
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long  it  was  supposed  lo  be  wholly  lost.  It  was  of  course  known 
thai  heat  was  produced  when  work  was  done  against  friction;  bul 
heat  was  supposed  to  be  a  form  of  matter.  But  about  1840  the 
view  was  advanced  that  heat,  instead  of  being  a  form  of  matter, 
is  a  form  of  energy  as  this  word  is  now  defined,  and  this  led  to 
the  discovery  of  the  I^w  of  ConMiratdon  of  EnerKy.  which  is 
treated  fully  later  under  "Heal." 

KINEMATICS. 
ROTATION. 
65.  AiiEiiIar  Displacements.  In  §g  9-35,  wc  studied  the  motion 
of  translation  of  a  point  as  a  preliminary  to  the  study  of  the 
effect  of  forces  on  the  motion  of  particles  and  of  bodies  moving 
nithout  rotation.  We  shall  now  consider  the  motion  of  bodies 
in  rotation  as  a  preliminary  to  studying  the  effects  of  forces  on 
the  motion  of  rotation  of  bodies. 

The  motion  of  a  body  is  one  of  rotation  when  each  point  in 
the  body  moves  in  a  circle  (he  center  of  which  is  on  a  straight 
line  called  the  axis  of  rotation.  All  points  in  the  body  turn  in 
any  time  through  equal  angles  and  the  angle  described  in  any 
time  is  called  the  angular  displacement  of  the  body  in  that  lime. 
Its  magnitude  may  be  slated  either  in  degrees  or  in  radians,  but 
latter  method  is  in  many  ways  the  more  convenient  for  the 
lent  purposes, 

m  is  an  angle  which  is  sublcnded  al  Ihe  cenler  of  a  circle  of 
>y  an  arc  of  length  r.  An  angle  sublendcd  In  a  circle  of  radius  r 
of  length  a  contains  a/r  radians.  Hence  4  right  angles  equal  ir 
id  one  radian  equals  360/^r  degrees  or  S7°.2Q578. 


Its  r 


66.  Anstdar  Velocity.  The  rate  of  rotation  of  a  body  is  called 
its  angular  velocity.  When  the  angular  displacements  of  a  body 
in  all  equal  times  are  equal,  the  velocity  is  a  constant  angular 
velocity,  and  the  magnitude  of  the  angular  velocity  is  Ihe  angle 
through  uhich  Ihe  body  turns  in  unil  time.  If  the  angle  is 
reckoned  in  radians  and  the  second  is  taken  as  unit  of  time,  the 
magnitude  of  the  angular  velocity  is  the  number  of  radians  de- 
scribed in  one  second.    The  imit  of  angular  velocity  is  one  radian 

r  second. 


•,4  MKfMAMiLA  AiD'  ? 

wti^t-t  I*  titMtK  <«* 

'''"'It/    MlifiMwtlM   • 

iinittil'it  I'rli'iHy 

.^l(.l|»f  "t  N  U'.itr  ti  uilM  iu  aivi* 
Nii#"l«'  ••'I'lillf  IrirrtMM  hf  c^arf  «■ 
iio|ii<Imi  •ii-i*li'iiii((m  la  rowitMt  m4  im 
'7  iiiiM'il'H  vlii-lly  in  unit  Hmu,  If  « 
ninuimt  Iff  H,  llo  ([[null  I  iiumIm  i 
iti;l  i<i<.  liiMfH**  III  f  uiLiuJ*  ia  «f.    Ha 

Ni  I'lt' '  fil  iif  II (  llir  unKular  rdotkr 

III'M  Mil  M  Ix  n., 

»-«,  + J 


iafdr 


55 


Tolres  at  a  constant  rate  in  a  cirde,  its  motioo 

may  be  described  either  by  means 

lar  velocity,  «,  or  by  its  linear 

along  the  tangent,  and  there  is  a 

lation  between  the  two.    Let  the  radius  of  the 

circle  be  r  and  let  the  time  in  which  the  point 

mores  from  F  to  Q  be  /.    Denoting  the  length 

of  the  arc  FQ  by  J  and  the  angle  POQ  by  '''*•  *'* 

^,  we  have  from  the  definitions  of  linear  and  of  angular  velocity 


c,  its  motioo  Q     r 

of  its  angQ-         y^     i^a 

Ydodty,  r.  /         /^vA'' 

I  siiiiple  re-  /  \y^\  \ 


s=vt;  ^  =  ui 

Now  in  radian  measurement  ^  =  i/r.     Substituting  in  this  the 
above  values  of  s  and  ^  we  get 

Thus  the  relation  between  angular  velocity  and  linear  velocity 
when  a  point  rotates  in  a  circle  is  the  same  as  the  relation  between 
an  angle  and  the  arc  which  it  subtends. 

The  above  relation  is  important  More  briefly  stated,  the  proof 
of  it  amounts  to  this :  v  is  the  length  of  arc  described  per  second ; 
hence  v/r  is  the  angle  described  per  second  in  radian  measurement, 
that  is  the  angular  velocity. 

When  a  point  describes  a  circle  with  variable  speed,  the  at)ovc 
relation  holds  true,  with  the  understanding  that  <u  and  v  arc  the 
instantaneous  values  of  the  angular  and  the  linear  velocity  respec- 
tively. The  proof  is  the  same  as  above,  /  being  taken  as  a  very 
short  interval. 

When  a  body  rotates  about  an  axis  with  angular  velocity  (d,  a 
point  in  the  body  describes  a  circle  of  radius  r,  and  r  is  diflcrenl 
for  points  at  different  distances  from  the  axis.  If  r  and  r'  arc 
the  respective  distances  of  two  points  from  the  axis  and  v  and  v' 
their  respective  linear  velocities,  v  =  rio  and  z/'  =  r'o).  Hence 
viv'iirir'.  When  the  axis  about  which  a  body  rotates  varies 
from  moment  to  moment,  the  above  relation  is  true  of  the  vahics 
of  ft),  V,  and  r  at  any  moment.  For  example  the  wheel  of  a  moving 
wagon  or  bicycle  is  always  in  contact  with  the  road  and  the  point 
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riMHtl  ii  nt  any  moment  the  point  abooi  «tick  iIk  whufc 

I  li  at  thul  iiunnriil  rula(in|[.     Now  the  top  at  tte  vrfccd  s 
H*  (nr  liiin  Itie  xro'ind  as  the  center  of  ibe  bA  mi  mbsI 

tutu  linvp  Iwk-c  M  i;rcat  a  linear  rclodty. 
Aiiiulu   AoovUratlon   and  Ziliiew  Acc<il«nHc     WWb  a 

(I  K'lvrt  ill  •!  I'iic'li!  with  chanj^ng  angular  relocily  it  Ins  as 
anjculnr  acceleration  say  a.  The  speed  of  ibe 
|u'inl  along  the  tangent  increases  with  an 
nri'tlrralinn  &ay  a.  The  same  relatioa  boldi 
■•rlwi'cn  a  ami  a  as  between  v  and  ■  (§  68). 
I'ur  if  HI  is  the  angular  vclocitj-  at  the  begin- 
ning »t  e.  short  time  t  and  f  tbe  linear  speed 
At  Ihiit  time,  t'  =  (ur;  at  the  end  of  the  time 
I  the  ttngiilar  velocity  is  (u  +  iU)  and  tbe 
liwear    9(iocil    is    (r  +  oi)-      Hence    (v  +  at) 

u-\  *l\.     Suli|(Mtiii)[   the    former  equation   from   the  latter 

Hlti'tlUiiil  I  wv  bav« 
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MO  of  the  pottit  into  two  compODcnts  aJofig  tvn>  rectjui(itUr 
iliaiuelers  AA'  and  BB".  W'e  shall,  for  a  futare  purpoie,  coasider 
one  of  these  components,  say  thai  along  AA'. 

The  linear  velocity  of  P  is  air  along  the  tang>enl  aDd  if  at  a  cer- 
uin  moment  the  radius  CP  makes  an  angle  9  with  CA  the  dircc- 
lion  of  this  velocity  makes  an  angle  (  (»,  2)  +  9)  with  the  positive 
direction  of  CA.     Hence  the  component  ^       ^^ 

itlodty  along  CA  is  -r  cos  {(r/2)+S) 
or  — irf-  sin  S.  Let  PAf  he  perpendic- 
ular to  CA  and  denole  CU  by  jr.  Then 
sin  *=*:  (V^  — ir*)A-  Hence  the 
component  along  CA  of  the  velocity  of 
P  is  —  bV'^  —  J^.  the  sign  being  nega- 
tive when  the  velocity  is  from  A  to  A' 
and  positive  when  it  is  from  A'  to  A. 

Th<  acceleration  of  P  is  «V  along  PC,  which  makes  an  angle  $ 
vWh  the  direction  of  AC.  Hence  the  component  accclcraiion 
along  AC  is  o'r  cos  0  or  uV;  reckoned  in  the  direction  CA  the 
cumponent  acceleration  is  therefore  —  u'x. 

Since  if  is  the  projection  of  P,  M  mo\es  backward  and  forward 
ilong  A' A  as  P  revolves  in  the  circle,  and  the  component  vetoctly 
inii  acceleration    found  above  arc  the   velocity  and  acceleration 
rfspcclivcly  of  M. 
VI.  Graphical  Bepresentation  of  Aagnlar  Quantities.    An  angu- 
15  of  a  certain  magniludc  and  about  a  certain  axis. 
Given  the  axis,  the  direction  of  rotation  around 
it   and  the  magnitude  of  the  angular  displace- 
ment,  we  know  everything  about   it.     Now   all 
these  can  be  represented  graphically  by  a  length 
marked  off  on   the   axis   so  as  to   represent   to 
some  scale  (c.  g.  a  cm.  per  radian)  the  magni- 
Fro.  jj.    A  ml*-  tude  of  the  angular  displacement.     There  must 
^'^   mdiawd    by  ^■^^^  ^^  some  agreement  as  to  which  direction 
'aaici  bj  CD.        along  the  axis  shall  represent  a  certain  direction 
of  rotation   about    the   axis.     The    rule   usually 
ail'ipicd  for  this  purpose  is  called  the  "  right-handed  screw  rule." 
namely,  let  the  direction  along  the  axis  of  the  line  that  represents 
"«  angitlar  displacement  be  related  to  the  direction  of  the  rota- 
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lion  as  the  direction  of  lranslalio»  is  to  the  direction  of  rotation 
of  an  ordinary  (right-handed)  screw.  For  example,  a  line  to 
represent  the  angular  displacement  of  the  earth  in  24  hours  due 
to  its  rotation  about  its  axis  would  be  drawn  from  the  center  to- 
ward the  N.  pole.  Two  lines  to  represent  the  angular  displace- 
ments of  the  hands  of  a  watch  in  one  hour  would  be  drawn 
through  the  center  of  the  face  toward  the  back  and  the  one  for 
tlie  minute  hand  would  be  twelve  times  as  long  as  the  one  for 
the  hour  hand. 

A  line  to  represent  an  angular  velocity  would  be  laid  off  on  the 
axis  of  rotation  according  to  the  above  rule  and  a  line  to  repre- 
sent an  angular  acceleration  would  be  drawn  in  the  same  way. 

A  directed  line  thai  represeats  according  to  the  above  agreement  an 
an^lar  displacement  is  a  vector,  since  it  has  both  magnitude  and  direction; 
l>ut  it  dilTcrs  from  veclors  that  represent  linear  displacements  in  the  fact 
thai  it  must  in  any  diagram  be  located  on  a  certain  line,  namely  the  line 
that  stands  for  Ihc  axis  of  rotation.  Such  a  vector  is  therefore  called 
a  localised  vector  or  rotor.  Two  parallel  and  equal  vectors,  not  in  the 
same  line,  do  not  represent  the  same  angular  displacement,  since  the 
rolations  tlicy  rcprcsrnt  arc  about  different  axes. 

72.  Addition  of  Angular  Velodtiea  and  Accelentions  about  In- 
tersecting Aies.  A  body  may  have  two  or  more  simultaneous  angu- 
lar velocities.  For  example,  suppose  a  bicycle  wheel  while  rotating 
about  its  axis  is  mounted  on  a  horizontal  platform  which  is  kept 
in  rotation  about  a  vertical  axis.  At  any  moment  the  wheel  has 
two  component  angular  velocities  about  intersecting  axes.  Each 
may  be  represented  by  a  vector  drawn  from  the  center  according 
to  the  rule  staled  in  §  71.  Wc  may  then  add  these  two  vectors 
by  the  parallelogram  method  and  the  diagonal  will  represent  in 
magnitude  and  direction  the  resultant  angular  velocity  at  the 
moment  in  question  (more  fully  proven  in  advanced  treatises). 

Since  angidar  accelerations  are  increments  of  angular  velocities 
per  unit  time,  wc  may  add  them  as  wc  add  angular  velocities. 

It  follows  from  the  above  that  angular  velocities  about  inter- 
secting axes  may  be  compounded  and  resolved  by  the  methods 
applicable  to  linear  velocities  (§§23-25)  and  a  similar  statement 
holds  true  for  angular  accelerations  about  intersecting  axes. 
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73.  General  Description  of  Center  of  Ua£8.  When  the  motion 
of  a  rigict  body  is  one  of  translation  without  rotation,  all  points  in 
tlic  body  move  exactly  in  the  same  way,  and  in  describing  or 
calculating  the  motion  any  point  in  the  body  may  be  taken  as 
representing  the  whole  body.  When  the  molion  is  one  of  trans- 
lation combined  with  rotation,  different  points  in  the  body  move 
differently  and  there  is  no  one  point  the  molion  of  which  com- 
pletely represents  the  motion  of  the  whole  body.  There  is,  how- 
ever, in  any  body  one  particular  point  which,  for  many  purposes, 
may  be  taken  as  representing  the  body,  so  that  for  these  purposes 
the  body  may  be  regarded  as  concentrated  to  a  particle  at  that 
point.  This  point,  which  we  shall  define  presently,  is  the  center  of 
mass  of  the  body.  For  instance,  let  a  uniform  circular  disk  be 
losscd  into  the  air;  it  will  be  seen  that  the  center  of  the  disk 
moves  like  a  particle  either  in  a  straight  line  or  in  a  parabola, 
while  other  points  in  the  disk  rotate  arotmd  it.  If  the  disk  is 
loaded  with  lead  on  one  side  it  will  be  some  other  point,  not  the 
geometrical  center,  that  will  show  this  property. 

If  a  body  wholly  free  were  struck  a  blow  at  random,  it  would 
start  with  both  translation  and  rotation;  but  if  the  blow  were 
applied  at  the  center  of  mass  or  in  a  line  through  the  center  of 
ma£S,  the  motion  would  be  one  of  translation  without  rotation. 

T!t«  center  of  mass  is  thus  seen  to  be  a  point  of  great  im- 
portance in  describing  or  calculating  the  whole  motion  of  a  body. 
In  what  follows  we  shall  define  the  center  of  mass  and  show  how 
its  position  may  be  calculated.  Then  from  the  definition  we  shall 
deduce  Ihc  above  and  other  properties. 

71.  Dafinitloa  of  Center  of  Mass.  i.  Of  Two  Particles.  Let 
the  panicles  be  m,  at  P,  and  m,  at  P,.  Let  C,  be  a  point  that  di- 
vides PJ",  inversely  as  the  masses  of  the  particles,  that  is,  such 
that 

~C,P,  ^  tn] 

s  the  center  of  mass  of  m,  and  m,. 
I  2.  0/  Three  Particles.     Let  the  particles  he  m,  and  m,  as  above 
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and  m,  at  P,.  Suppose  m^  and  m,  replaced  by 
(m^  +  w,)  at  Cj  and  let  C,  be  a  point  in  C^P,  such 
that 

C^.  _  w,  +  w. 


CA 


m. 


Fig.  36. 


C,  is  the  center  of  mass  of  m^,  m,  and  m,. 

3.  0/  /in^f  Number  of  Particles  or  of  a  Body.  Proceeding  as 
above  we  get  the  center  of  mass  C  of  any  number  of  particles, 
and  the  same  will  apply  to  a  body  of  any  form,  since  it  may  be 
divided  up  into  a  large  number  of  small  parts. 

We  shall  show  in  the  next  section  that  the  point  to  which  such  a 
process  leads  is  independent  of  the  order  in  which  the  particles 
are  taken. 

75.  Distance  of  the  Center  of  Mass  from  »  Plane.    Let  DE  be 
the  line  in  which  any  plane  is  cut  by  a  perpendicular  plane  through 
PJP^  of  the  last  section.    Draw  P^L^  PJ-v  ^J^i  perpendicular  to 
DE  and  denote  their  lengths  by  d^,  d,  and  i^, 
respectively.     Draw  C^A  perpendicular  to  P^L^ 
and    Pfi    perpendicular    to    C^M^,      Then    P^A 

=  (^1  —  81)    and    C,B— (8,  —  dJ.      From    the 
similar  triangles  C^AP^  and  PfiC^  we  get 


cfi   cr. 

Hence 

d^  —  3>_m, 
Si  —  rf,      Wj 

Fig.  37. 

and  (  Wj  +  w,)  Sj  =  m^d^  +  w,(f ,. 

Hence  the  product  of  the  total  mass  by  the 
distance  of  the  center  of  mass  from  any  plane 
equals  the  sum  of  the  products  of  each  mass  by 
its  distance  from  the  plane. 

If  we  proceed  to  apply  the  same  method  to 
(m^  +  w,)  at  Cj  and  w,  at  F,  (Fig.  38)  we  shall 
get  a  similar  result  expressed  by  the  same  rule. 
Hence 


Pio.  38. 


(Wj  +  m,  +  w,)S,  =  (Wj  4-  »».)8i  +  m^ 
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Hence  substituting  from  the  above 

(m,  +  w,  +  m,)8,  =  tn^d^  +  m^,  +  m^^ 

By  extending  the  same  method  to  any  number  of  particles  we  see 
tint  the  law  stated  above  (in  italics)  applies  to  the  center  of  mass 
hk  all  cases.  This  result  might,  in  fact,  have  been  taken  as  the 
definition  of  the  center  of  mass. 

It  is  evident  that  this  result  will  not  be  altered  if  the  order  in 
yAkh  the  various  particles  are  taken  be  altered  in  any  way. 
Hence  the  definition  of  the  center  of  mass  is  not  ambiguous. 

For  simplicity  we  have  supposed  that  all  the  particles  lie  on 
one  side  of  the  plane  considered,  so  that  all  the  (Ts  and  Vs  are 
positive.  If  in  any  case  one  or  more  of  the  distances  are  meas- 
ured on  the  opposite  side  of  the  plane  from  the  others  when  we 
nbstitute  numbers  for  the  various  distances  those  corresponding  to 
one  side  of  the  plane  must  be  given  positive  signs  and  the  others 
negative.  This  can  be  shown  by  drawing  the  plane  DE  in  Fig.  57 
so  that  it  cuts  P^P^ 

If  the  plane  from  which  d^  d^-"  are  measured  passes  through  the 
center  of  mass  8  is  zero  and  in  this  case 

fn^d^  +  m^d^-\ =0 

76.  Coordinates  of  the  Center  of  MaM.    When  in  anj  case  it 

is  desired  to  find  the  position  of  the  center  of  mass  of  a  body  by 
applying  the  rule  stated  (in  italics)  in  §  75,  it  is  only  necessary 
to  apply  the  rule  to  distances  from  three  planes  at  right  angles. 
Denoting  the  distances  from  one  of  them  bj  x^s,  from  a  second  by 
y\  from  the  third  by  2*3,  we  get 


•  •  • 


^here  x  denotes  the  distance  of  the  center  of  mass  from  the  plane 
^I'om  which  the  t's  are  measured,  and  similarly  for  'y  and  Jr. 

77.  Center  of  Mass  of  a  Regular  Body.    The  center  of  mass  of 
two  equal  particles  is  at  the  middle  of  the  line  joining  them.    A 
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uniform  rod  may  be  divided  into  pairs  of  equal  particles,  the  two 
in  each  pair  being  equidistant  from  the  centers  of  the  rod.  Hence 
the  center  of  mass  of  the  whole  rod  is  at  its  middle  point  Similar 
reasoning  may  be  applied  to  any  homogeneous  body  which  has  a 
geometrical  center  such  as  a  circle,  ellipse,  sphere,  spheroid,  paral- 
lelogram, cube,  parallclopiped,  etc.  The  center  of  mass  of  each  of 
these  is  at  its  geometrical  center. 

When  a  body  can  be  divided  into  parts  such 
that  the  center  of  mass  of  each  is  known,  the 
center  of  mass  of  the  whole  can  usually  be  found. 
A  triangle  may  be  divided  into  narrow  strips 
parallel  to  one  side;  the  center  of  mass  of  each 
strip  lies  on  the  line  joining  the  middle  of  that 
side  to  the  opposite  vertex.  Hence  the  center 
of  mass  of  a  triangle  is  at  the  intersection  of 
the  three  lines  which  join  the  vertices  to  the 
middle  of  the  opposite  sides.  Similar  reasoning  shows  that  the 
center  of  mass  of  a  triangular  pyramid  is  at  the  intersection  of 
the  four  lines  that  join  the  vertices  to  the  respective  centers  of 
mass  of  the  opposite  faces. 

78.  Velocity  and  Acceleration  of  the  Center  of  Mass.  Let  us 
suppose  that  the  velocity  of  each  particle  in  a  group  of  particles 
is  known.  How  can  the  velocity  of  the  center  of  mass  be  found? 
To  answer  this  it  is  sufficient  to  show  how  the  velocity  of  the 
jentcr  of  mass  in  a  direction  perpendicular  to  each  of  three  planes 
at  right  angles  can  be  found. 

To  find  the  velocity  of  the  center  of  mass  in  a  direction  per- 
pendicular to  any  plane,  consider  the  distances  of  the  particles  and 
of  the  center  of  mass  from  that  plane.  These  are  connected  by 
the  equation  (§  7S) 

(Wj-f  w,H )8  =  w,(/,4-w,d,H (i)' 

At  a  time  /  later  these  distances  will  have  all  changed.  Let  the 
new  values  of  the  distances  be  d^,  d/  •••8'.    Then 

(m.  +  m,-f  ...)8'=M/  +  »w.rf/+-  (2) 

Subtract  each  side  of  (i)   from  the  corresponding  side  of  (2); 


r 
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<^vi(ie  through  by  /  and  suppose  /  decreased  without  limit.     Then 
(y — h)/t  will  become  the  velocity,  say  v,  of  the  center  of  mass; 
(il/  — rf,)//  will  become  the  velocity,  say  v^,  of  tn^  and  so  on. 
Hence 

(w,  +  m,H )  V  =  m,t^,  +  m,v,  H (3) 

Tims  the  velocity  of  the  center  of  mass  is  related  to  the  velocities 
of  the  separate  particles  as  the  distance  of  the  center  of  mass  from 
lay  plane  is  related  to  the  distances  of  the  particles  from  that  plane. 
We  may  now  proceed  to  apply  the  same  reasoning  to  find  the 
acceleration  of  the  center  of  mass.  Starting  with  (3)  above  let 
OS  consider  what  (3)  becomes  at  a  short  time  t  later.  We  shall 
this  get  two  equations.  Subtracting  one  from  the  other  as  before, 
ividing  by  t,  and  then  supposing  /  indefinitely  short,  we  get 

(iff,  +  iff,H )a  =  mfi^  +  mfi,+  '"  (4) 

Equation  (3)  is  readily  obtained  by  differentiating  (i)  with  reference  to 
tt^etime  (see  I  19)  and  (4)  is  obtained  by  differentiating  (3)  (see  I  31). 

79.  AcceleratioiL  of  Center  of  Maes  doe  to  External  Forces. 

Equation  (4)  of  the  last  section  has  a  very  important  interpreta- 
tion. The  term  tn^a^  is,  by  the  Second  Law  of  Motion,  equal  to 
^c  force  that  acts  on  tn^  in  the  direction  in  which  a  is  measured, 
which  of  course  may  be  any  direction,  and  similarly  for  the  other 
particles.  Now  the  forces  may  be  divided  into  two  groups,  (i) 
forces  applied  from  the  outside  or  external  forces  such  as  gravity 
^ng  on  the  body,  pressures  and  pulls  applied  to  the  surface  of 
the  body  and  so  on.  (2)  Forces  that  the  particles  exert  on  one 
^ther,  that  is  internal  forces,  actions  and  reactions  between  the 
particles.  By  the  Third  Law  of  Motion  these  internal  forces  occur 
w  pairs  of  equal  and  opposite  forces  and  the  sum  of  the  components 
of  all  of  them  in  any  direction  is  zero. 

Hence  the  right  hand  side  of  (4)  stands  for  the  sum  of  the  com- 
ponents, in  the  direction  considered,  of  all  the  external  forces. 
Thus  if  Af  be  the  whole  mass  of  the  body  or  group  of  particles 

sum  of  components  of  external  forces 

0= j^ 

Now  by  the  Second  Law  of  Motion  this  is  the  expression  we  would 
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uniform  rod  may  be  divided  into  pairs  of  equal  particles,  the  two 
in  eacli  pair  being  equidistant  from  the  centers  of  the  rod.  Hence 
the  center  of  mass  of  the  whole  rod  is  at  its  middle  point.  Similar 
reasoning  may  be  applied  to  any  homogeneous  body  which  has  a 
geometrical  center  such  as  a  circle,  ellipse,  sphere,  spheroid,  paral- 
lelogram, cube,  para llelo piped,  etc.  The  center  of  mass  of  each  of 
these  is  at  its  geometrical  center. 

When  a  body  can  be  divided  into  parts  such 
that  the  center  of  mass  of  each  is  known,  the 
center  of  mass  of  the  whole  can  usually  be  found. 
A  triangle  may  be  divided  into  narrow  strips 
parallel  to  one  side;  the  center  of  mass  of  each 
strip  lies  on  the  line  joining  the  middle  of  that 
side  to  the  opposite  vertex.  Hence  the  center 
Fig.  39.  °^  ™''55  "^^  ^  triangle  is  at  the  intersection  of 

the  three  lines  which  join  the  vertices  to  the 
middle  of  the  opposite  sides.  Similar  reasoning  shows  that  the 
center  of  mass  of  a  triangular  pyramid  is  at  the  intersection  of 
the  four  lines  that  join  the  vertices  to  the  respective  centers  of 
mass  of  the  opposite  faces. 

78.  Velocity  and  Acceleration  of  the  Center  of  Mass.  Let  us 
suppose  that  the  velocity  of  each  particle  in  a  group  of  particles 
is  known.  How  can  the  velocity  of  the  center  of  mass  be  found? 
To  answer  this  it  is  sufficient  to  show  how  the  velocity  of  the 
.•enter  of  mass  in  a  direction  perpendicular  to  each  of  three  planes 
at  right  angles  can  be  found. 

To  find  the  velocity  of  the  center  of  mass  in  a  direction  per- 
pendicular to  any  plane,  consider  the  distances  of  the  particles  and 
of  the  center  of  mass  from  Ihat  plane.  These  are  connected  by 
the  equation  (§75) 


{m,  +  m,+    --)& 


n,d,  +  m,d.+  -- 


CO" 


At  a  time  t  later  these  distances  will  have  all  changed.     Let  the 
new  values  of  the  distances  be  d,',  d,'  ■■■8'.    Then 


(m,  +  m,+  -)S'=tn,d,'  +  »'A'+--  (2) 

Subtract  each  side  of   (1)    from  the  corresponding  side  of   (2); 


iiivi<I<;  through  by  I  and  suppose  (  decreased  without  limit.  Then 
IS"  — 8)A  wi"  become  the  velocity,  say  v,  of  the  center  of  mass; 
(J/  — rf,)/(  will  become  the  velocity,  say  v„  of  ni,  and  so  oa. 


(wi, +  t».H )v  =  m,v,-{-m,v,  +  -- 


(3) 


Thus  the  velocity  of  the  ceoEer  of  mass  is  related  to  the  velociUes 
of  the  separate  particles  as  the  distance  of  the  center  of  mass  from 
iny  plane  is  related  to  the  distances  of  the  particles  from  that  plane. 
We  may  now  proceed  to  apply  the  same  reasoning  to  find  the 
Kceleralion  of  the  center  of  mass.  Starling  with  {3)  above  let 
tis  consider  what  {3)  becomes  at  a  short  lime  (  later.  We  shall 
thns  gel  two  equations.  Subtracting  one  from  the  other  as  Ijcforc. 
diriditig  by  t,  and  then  suppositig  (  indefinitely  short,  we  gel 


(«,  +  m,  H )a  =  m,a,  +  mfi,  +  ■  ■ 


(4) 


Equation  (3)  is  readily  ohtaincd  by  dilftrcniiating  (1)  with  refertrce  10 
Ibi  lime  (see  I  19)  and  (4)  ia  oLtained  by  diffcrentialing  <3)   (see  I  ji ). 

79.  Acceleration  of  Center  of  Haas  due  to  External  Forces. 
Equation  (4)  of  the  last  section  has  a  very  important  interpreta- 
lion.  The  term  »i,a,  is,  by  the  Second  Law  of  Motion,  equal  to 
the  force  that  acts  on  m,  in  the  direction  in  which  a  is  measured. 
which  of  course  may  be  any  direction,  and  similarly  for  the  other 
particles.  Now  the  forces  may  be  divided  into  two  groups,  (i) 
forces  applied  from  the  outside  or  extfmal  forces  such  as  gravity 
acting  on  the  body,  pressures  and  pulls  applied  to  the  surface  of 
(he  body  and  so  on.  (2)  Forces  that  the  particles  exert  on  one 
another,  that  is  internal  forces,  actions  and  reactions  between  the 
particles.  By  the  Third  Law  of  Motion  these  internal  forces  occur 
in  pairs  of  equal  and  apposite  forces  and  the  sum  of  the  components 
of  all  of  them  in  any  direction  is  zero. 

Hence  the  right  hand  side  of  {4)  stands  for  the  sum  of  the  com- 
ponents, in  the  direction  considered,  of  all  the  external  forces. 
Thus  if  M  be  the  whole  mass  of  the  body  or  group  of  particles 


^Wowl 


_  sum  of  components  of  external  forces 


by  the  Second  Law  of  Motion  this  is  the  expression  we  would 
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/e  asked,  "  what  acceleration  would  the  center  of  mass 
of  the  body  receive  if  the  whole  mass  were  concentrated  there  and 
all  the  external  forces  were  transferred  parallel  to  themselves  so 
as  to  act  at  that  point? " 

i  the  center  of  mass  of  a  body  moves  as  if  the  whoU  matt 
■were  concentrated  at  Ihe  center  of  mass  and  the  forces  acting  on 
lite  body  were  transferred,  with  their  directions  unchanged,  to  tkt 
tenter  of  mass. 

We  now  see  the  explanation  of  the  facts  stated  in  §73.  In  the 
case  of  a  body  tossed  into  the  air  gravity  is  the  only  external  force 
and  the  center  of  mass  moves  as  if  all  the  mass  and  weight  were 
concentrated  there,  that  is,  it  moves  as  a  particle  would.  Even 
when  a  body  has  its  form  changed  very  abruptly  by  the  action  of 
internal  forces,  as  in  the  case  of  the  explosion  of  a  rockeit,  the 
internal  forces  do  not  affect  the  motion  of  the  center  of  mass  of 
all  the  particles.  When  two  bodies  approach  and  impinge,  the 
motion  of  their  center  of  mass  is  not  affected  by  the  forces  between 
the  bodies  during  impact  and  hence  continues  unchanged  after 
the  impact.  There  are  powerful  forces  of  attraction  between  the 
sun  and  the  planets  that  make  up  our  solar  system,  but  the  center 
of  mass  of  the  whole  moves  with  a  uniform  velocity  through  space. 

80.  TraoBlatlon  and  Rotatian.  The  preceding  principles  enable 
us  to  calculate  (he  motion  of  the  center  of  mass  of  a  body,  given 
the  mass,  the  center  of  mass  and  the  external  forces  acting  on  the 
body.  Now  if  we  know  the  motion  of  the  center  of  mass  and  the 
angular  velocity  of  the  body  about  an  axis  through  the  center  of 
mass  we  know  the  whole  motion  of  the  body.  In  the  next  chapter 
we  shall  see  how  to  find  the  effect  of  a  force  that  acts  on  a  body 
so  as  to  produce  rotation. 

MOMENTS  OF  FOECE  AOT)  MOMENTS  OF  INERTIA. 

81.  Thus  far  we  have  considered  the  effect  of  a  force  in  pro- 
ducing motion  of  translation  of  a  particle.  When  a  force  acts  on 
an  extended  body  (as  distinguished  from  a  body  so  small  that  it 
may  be  considered  as  a  particle),  the  force  will  in  general  produce 
rotation  as  well  as  translation. 

We  shall  first  suppose  that  the  effect  produced  by  the  force  is 
one  of  rotation  only,  that  is,  we  shall  suppose  that  an  axis  in  the 
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body  is  fixed  so  tliat  translation  is  impossible.  To  find  to  what 
extent  a  force  will  produce  rotation  we  must  consider,  as  regards 
(he  force,  something  in  addition  to  its  magnitude  and  direction. 
For  it  is  a  matter  of  common  experience  that  a  force  can  be  most 
effectively  employed  to  set  a  heavy  body,  such  as  a  fly  wheel,  in 
tptaiion  when  the  force  is  applied  as  far  as  possible  from  the  axis. 
On  the  other  band  when  a  force  is  applied  to  set  such  a  body  in 
rotation  the  inertia  resistance  it  meets  depends  on  something  more 
than  the  mass  of  the  wheel.  For  it  is  a  matter  of  common  ex- 
perience that  the  farther  on  the  whole  the  mass  of  the  wheel  is 
from  the  axis,  e.  g.,  when  the  wheel  has  a  heavy  rim  with  a  light 
hub  and  light  spokes,  the  harder  it  is  to  set  in  motion  or  to  stop. 
We  arc  thus  led  to  consider  moments  of  forces  and  moments  of 


82.  Moment  of  Force  aad  Moment  of  Inertia.  As  the  simplest 
case  consider  a  particle  P  of  mass  m  attached  to  an  axis  so  that 
il  is  only  free  to  move  in  a  circle  about  this  axis.  Let'  a  force  F 
ict  on  the  particle.  If  the  line  in  which  the  force  acts  is  not  in 
the  plane  of  the  circle,  that  is,  if  it  is  not  perpendicular  to  the 
axis,  we  may  resolve  the  force  into  two  com- 
ponents, one  parallel  to  the  axis  and  one,  f,  per- 
pendicular to  the  axis.  The  first  component  can- 
not aHecl  the  motion  of  the  particle  since  it  acts 
in  a  direction  in  which  the  particle  is  not  free  \ 
to  move.  The  second  component,  /,  may  ag! 
be  divided  into  two  components,  one  in  the  direc- 
tion of  the  radius  and  the  other  along  the  tan- 
gent The  former  of  these  cannot  affect  the 
motion  of  the  particle  but  the  latter,  which  is 
eijual  to  f  cos  6,  where  0  is  the  angle  that  /  makes 
with  the  tangent,  is  in  the  direction  in  which  the  particle  is  free 
to  move.    Hence  it  will  produce  an  acceleration  a  along  the  tangent 


f  cos  $  = 


Since  this  is  a  case  of  rotation  only,  the  motion  is  more  appro- 
prijilcly  described  by  means  of  the  angular  motion  about  the  center. 
NcFW  the  angular  acceleration,  a,  is  connected  with  the  linear  ac- 
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celcraboa  by  the  reUtion  (S69) 


r  being  ibc  ndius  of  the  drde.     From  the  center  of  the  circk  j 

drop  a  perpendicular  p  on  the  line  of  action  of  /.    Then,  sinct  Ihe  | 

angle  whkfa  f  makes  with  the  radius  through  the  particle  b  also  I 
#,  co&0^f/r.    Substituting  these  values  we  get 

The  product  fp.  that  is  the  product  of  p  by  the  component  oi  F 
perpendicular  to  the  axis,  is  called  the  moment  of  F  about  the  a»s 
and  mr'  is  called  the  ptoment  of  inertia  of  m  about  Ihe  ajcis.  Il 
should  be  carefully  noted  that  in  6Rdiag  the  moment  of  a  lorce 
about  an  axis  we  resolve  the  force  inlo  two  components,  one  of 
which  is  in  the  direction  of  the  axis  while  the  other  is  in  a  plane 
perpendicular  to  this  axis,  and  it  is  on  this  latter  component  only 
tliat  the  moment  of  the  whole  force  depends. 

If  two  or  more  forces  act  on  the  particle  we  would  in  the  above 
have  to  take  the  component  of  each  in  a  plane  perpendicular  to 
Ihe  axis  and  tlien  again  resolve  these  in  the  direction  of  the  tan- 
gent. Thus  we  would  get  two  or  more  terms  such  as  fp  and  fp' 
and  Ihe  lotal  moment  of  force  acting  on  the  particle  would  be  the 
sum  of  these. 

Since  one  direction  of  rotation  about  an  axis  is  taken  as  posi- 
tive while  the  opposite  is  taken  as  negative,  moments  of  forces  in 
the  former  direction  must  be  considered  as  positive  and  in  the 
latter  as  negative. 

Let  us  now  consider  an  extended  body  mounted  on  an  axis  and 
acted  on  by  forces  applied  at  various  points.  All  particles  of  the 
body  rotate  with  the  same  angular  acceleration.  On  each  particle, 
therefore,  one  or  more  forces  act.  We  may,  then,  for  each  particle, 
write  down  an  equation  like  the  above.  Let  us  now  suppose  the 
corresponding  sides  of  all  these  equations  to  be  added  up.    Then 

fJ>,  +  fJ>.+  -=  (w/.'  +  '».^.'  +  ■  ■  ■  )o 

On  the  left-hand  side  we  have  the  sum  of  Ihe  moments  of  all  the 
forces  acting  on  all  the  particles.  Some  of  these  are  the  externa! 
forces  applied  to  the  body,  others  are  the  internal  forces,  actions 


DYNAUICS. 


67 


,  between  the  particles.  Now  by  the  Third  Law  of 
Motion  these  internal  forces  occur  in  pairs  of  equal  and  opposite 
forces  and  the  sum  of  the  moments  of  such  a  pair  is  zero.  Hence 
in  finding  the  sum  on  the  left  side  of  the  aliove  equation  we  may 
omit  all  internal  forces.  Hence  the  left-hand  side  is  the  sum  of 
ihc  moments  of  the  externa!  forces  applied  lo  the  body.  This  we 
call  the  total  moment  of  force  acting  on  the  body  and  denote  it 
liy  L.  The  multiplier  of  a  on  the  right-hand  side  is  the  sum  of  the 
moments  of  inertia  of  all  the  particles  of  the  body  about  the  axis, 
I'his  we  call  the  moment  of  inertia  of  the  body  about  that  axis 
and  denote  hy  /.    Hence 


83.  Homents  of  Inertia  About  Parallel  Axes.    The   following 
general   proposition    is  often   of   great 
moment  of  inertia  of  a  body. 

If  /,  is  the  moment  of  inertia  of  a  body 
of  Dia»s  M  about  an  axis  through  the 
center  of  mass,  the  moment  of  inertia.  /. 
diout  a  parallel  axis  at  a  distance  h  from 
the  first  axis  is 

I  =  I,  +  Mh' 

Consider  a  fHrlicle  m,  at  P,.     From  P,  draw  a 
|>rrpendicular  P^A  to  Ihc  axis  A  and  denote  P^A  by  r, 
dicalar  P,C  lo  Hie  parallel  axis  through  the  center  ol 
tj  f%-     Sukkwc  (he  same  done  Tor  the  particles  m, 
■asle  PfiA  bj  #„  P,CA  by  *,  and  so  on.    Then 

»/  =  -.,r,'  +  »V»+  ... 
=  ■".(/>.'+  h'  —  3p,hcoa9,)  +  nh(p,' +  k' —  ip^h  cos  8,)  -f  . . . 
=  (m^,'+  mf,'+  .--)  +  {i«,-Fm,-| )J.- 
—  3A(mj»,cosfl, -f  »,j,,coi6,+  ...). 

Of  these  three  terms  whieh  make  up  /  the  first  two  are  /,  and  Mh'  re- 
•pedjteiy.  We  shall  show  llial  the  third  term  is  zero,  Dran  through  C 
>  pUne  perpendicular  to  AC  and  denote  ihe  perpendicular  P.D^  on  the 
Ftane  by  4,  and  so  on  for  the  other  particles.  Then  p,  cos  «,  =  d,  . ..  , 
Hence  the  third  letin  above  ciiuals 


Also  draw  a  perpen- 

nii,  -  ■ . .     Denote  Ihe 


ih(m,d,  +  n 


',+  ■■■). 


'rti«  nprtnlan  In  bfackrti  >■  wro  « 
^rtktr*  lit  ilie  tfoJ]'  from  ■ 

84,  Two   rnndunental  HenMali   of    : 
funriiiluii    f'lr  Ihe  calculation  of  bkmi:' 
((■llm  llir  iJDi!  (if  itic  integral  caloihis;  ha:  frrrrr.  i  :rv  hiadamsiul 
ra*r»  ni«ny  olhir*  can  lie  deduced. 

I.  The  Momunt  of   Imrrtm  *f  * 

^     ,__^  Uniform  Rod.    If  the  mass  of  the  i 

■^■^j^^^"       hi  and  its  length  L  its  momeat  of  i 
aliiiul  a  tranaverse  axis  throagfa  ooe  « 
I  =^}i  ML'.    To  find  its  mooKiit  of  a 
l„  ntKiUt  B  pirnllel  axis  thmugh  the  center  we  mast  (by  §83) 
KuMrHct  MiL/2)'  from  /,    Hence  I.=  ^ML: 

Ijrl  jt  lia  ihi  tnu*  o(  unit  length  of  ihe  rod.     Comiia  aa  n 
UnHlll  I'r  •!  •  ilUlincc  r  from   one  end  ;  ils  moment  ot  inertia 
ImniviirH   *■■•   ItirouEh   lh>t   end   U   pdr-r'.      Sammiog   ibii  np  for  ■■ 
|t*fll(<l«i  of  th*  r'lil  tiy  lh«  method  of  the  Integral  Calculus  gina  JfL' 
tolrtlllullnii  M//.  ti>f  p  wo  net  IJML'. 

ii,  Afomrnl  of  Inertia  of  a  Uniform  Circular 
IHih.  (.i"t  ihe  mans  of  the  disk  be  M  and  iu 
riKlliii  H.  Il«  mmneiit  of  inertia  about  a  per- 
pvilillriiliir  null  through  Us  ct^ntcr  is  \MR'. 
J«i  p  Im  Ilia  n<B»  vvt  unit  area  ol  the  disk.  Con- 
»U\tt  a  fliiK  i>(  tiiEMii  ratllu*  r  and  width  dr.  Its  area 
I*  mtiir,  It*  niiM  li  mrdrp  and  Its  moment  oE  inertia 
alHiut  ll<a  aal*  Is  iwrdrp'.  SumminK  this  up  for  all 
vuliu-i  111  r  Iririii  II  In  r  ulves  Itrl^'p  and  since  the 

01 1  III.  dliiU  U  wli'p  Wir  iiioinenl  of  inertia  is  iMR'. 

■A,  Homents  of  IntrtU  of  ft  Disk.  If  the  moments  of  inertia  of 
n  iiiiKorili  illak  al>i»ut  iwti  [lerpendicular  axes  in  the  plane  of  the 
dial*  Bfo  /,  nnd  /,  its  moment  nf  inertia  /  about  a  third  axis  inter- 
ipctllig  ihc  two  and  perpendicular  lo  the  disk  equals  {/,  +  /,). 

For  suppose  Ihc  disk  divided  into  a  very  large 
number  of  very  amolt  parts  and  let 
■uppose  Ita  distances  from  tlie  two  axes  in  the  plane 
of  Ihe  disk  to  be  r,  and  rt  and  its  distance  from 
(he  Ihird  nuis  to  be  r.     Then 
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Suruming  up  for  all  Uie  particlec, 

Frem  liiis  and  )  83  it  follows  ihat  the  momcM  of  intrtia  of  a  circulir  diik 

about  a  Jiameter  equal*  iMIf. 

S6.  Homeats  of  Inertia  of  a  BectajiKnlar  Disk  ud  Block,    i. 
About  an  Axis  in  ike  Platte  of  the  Disk  and  bisciting  the  sides  of 
itngth  a.     Suppose  the  disk  divided  into 
strips  parallel  to  the  B-sides.     Applying  to 
each  the    formula    for    a    rod    (§84)    and 
iilding  fiir  all  tlic  strips  we  get 


• 


e 


2,  About  an  Axis  in  the  Plane  of  the  Disk  and  Bisecting  the 
Sides  of  Length  b. 


3.  About  ON  Axit  through  the  Center  and  Perpendicutar  to  the 
Oitk.    By  |8s 

'  =  ',  +  '. 

S7,  Uoment  of  Inertia  of  a  BectangnUr  Block.  A  rectangular 
Mock  may  be  regarded  as  made  up  of  disks  parallel  to  ono  face. 
H  ihc  sides  of  that  face  are  of  lengths  a  and  b  the  formula  just 
-tated  will  give  the  nionienl  of  inertia  of  each  disk  about  ati  axis 
■through  the  center  and  perpendicular  to  the  face.  Summing  up 
Mh  sides  for  all  the  disks  and  taking  M  for  the  whole  mass  and 
/  for  Ihe  whole  moment  of  inertia  we  get 


.^+^ 


B8.  Homeat  of  Inertift  of  a  Circular  Orlinder  about  its 
Geometrical  Axis.  Let  the  radius  of  the  cylinder  be  R  and  its 
mass  M.    The  cylinder  may  be  divided  into  circular  disks  each  of 


mti^mmm 
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mass  m  by  transverse  sections.    The  moment  of  inertia  of  each  is 
imR*.    Summing  the  expression  for  all  the  disks  we  get 

About  a  Transverse  Axis  through  the  Center,  Let  the  cylinder  be 
supposed  divided  into  disks  as  before.  The  moment  of  inertia  of  one  of 
these  about  a  diameter  is  ^mR*  (I  85),  and,  if  its  distance  from  the  center 
of  the  cylinder  is  x,  its  moment  of  inertia  about  the  transverse  axis  through 
the  center  of  the  cylinder  is  |m/?  +  mjr*  (by  I  83).  This  expression  is 
to  be  summed  for  all  the  disks.  The  sum  of  the  first  term  is  ^MR*.  The 
summation  of  the  second  term  is  the  same  as  finding  the  moment  of  inertia 
of  a  thin  rod  of  mass  M  and  length  L  by  dividing  it  into  parts  each  of 
mass  m.  Hence  (§  84)  the  sum  of  the  second  term  is  ^ML^  where  L  is 
the  length  of  the  cylinder.     Therefore 

89.  Baditui  of  Gyration.  If  the  moment  of  inertia  of  a  body 
about  a  certain  axis  is  /  and  the  mass  of  the  body  is  M,  and  if  we  take 
a  length  k  such  that  /  =  Mk*,  k  is  called  the  radius  of  gyration  of 
the  body  about  that  axis.  From  the  results  of  preceding  sections 
we  have:  (a)  for  a  uniform  rod  about  its  center  ^*  =  ^L'  and 
about  one  end  ife'  =  JL*;  (b)  for  a  circular  disk  or  cylinder  about 
its  axis  ^'=}/?,  and  so  on. 

From  the  definition  of  the  radius  of  gyration  it  follows  that  k  is  the 
distance  from  the  axis  at  which  we  might  suppose  the  whole  mass  of  the 
body  concentrated  without  changing  the  moment  of  inertia  about  that  axis. 

90.  Angular  Momentum.  Having  considered  the  methods  of 
calculating  the  moment  of  inertia  of  a  body,  we  shall  now  con- 
sider further  the  equation  between  I,  L  and  a  for  a  body  mounted 
on  an  axis  (§82).  Multiplying  both  sides  of  that  equation  by  the 
time,  t,  during  which  the  moment  of  force  acts  on  the  body,  we  get 

U  =  lat 

Now  a^  equals  the  increase  of  angular  velocity.     Hence  if  the 
angular  velocity  at  the  beginning  of  Hs  cu  and  at  the  end  t/ 

L/ =  /(«'  —  «) 

The  product,  /m.  of  the  moment  of  inertia  of  a  body  about  an 
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■uis  and  ils  angular  velocity  about  ihc  axis  is  called  ilie  angular 

mmenlutn    (or  moment  of  momenlum)    of  ihe  body  abimt  that 

ixii.     It  corresponds  to  linear    momentum,  mv.  in   the   case   of 

tianslation,  moment  of  inertia  taking  the  place  of  mass  and  angular 

rclocity  the  place  of  linear  velocity.    Lt,  the  product  of  a  moment 

of  force  by  its  time  of  action,  corresponds  to  the  impulse  of  a  force 

(I45);  it  is  equal  to  (he  angular  momentum  produced  in  time  I. 

Since  /  is  a  constant  for  a  given  body  and  a  given  axis,  any 

change  in  /u  is  due  to  a  change  in  u  and  the  rate  of  change 

o(  /v  is  /  multiplied   by  the  rate  of  change  of  a>,  which  is  a. 

Hence  /a  is  the  rate  of  change  of  angular  momentum  and  since 

it  is  equal  to  the  moment  of  force,  L,  which  produces  it,  a  momenl 

of  force  about  an  axis  equals  the  rale  at  whkh  it  produces  angular 

momentum  about  that  axis.    If  L  is  zero,  that  is,  if  the  total  mo- 

of  force  about  an  axis  is  zero,  the  angular  momentum  about 

the  axis  is  a  constant. 

91.  Oonaervation  of  Angvlu  IComflntiun.  The  last  statement  in 
a  particular  case  of  the  principle  called  the  Conservation  of  Angu- 
lar Momentum,  namely,  the  case  in  which  the  body  is  a  single 
rigid  body  attached  to  a  fixed  axis.  The  general  principle  is  that 
the  total  angular  momentum  of  arty  system  of  bodies  which  is  free 
from  external  influences  remains  constant. 

92.  Kinetic  Energy  of  Botation.  Each  particle  of  a  rotating 
hndy  has  a  certain  linear  velocity  and  a  certain  amount  of  kinetic 
energy,  and  the  total  kinetic  energy  is  the  sum  of  the  kinetic 
energies  of  all  the  particles.  A  particle  of  mass  m  at  a  distance  r 
from  the  axis  of  rotation  has  a  linear  velocity  wr  and  its  kinetic 
energj-  is  therefore  im(uir)'.  To  find  the  total  kinetic  energy  B 
we  must  sum  up   for  all  the  particles.     Now  r  is  difFerent  tof^ 

ITcrent  particles  but  w  is  the  same  for  alt.    Hence  ^^h 

E=i^-{m,r'  +  m/:  +  --) 

I  being  the  moment  of  inertia  of  the  body  about  the  axis  of  rota- 
This  formula  for  kinetic  energy  of  rotation  is  similar  to 

formula  for  kinetic  energy  of  translation  Jmi^,  /  taking  the 
place  of  m  and  w  that  of  v. 

.  Work  Performed  by  the  Moment  of  a  Force.    Wlicn  a  force 


til-    i'.r: 


./        „.„,„„:., 


111;. 

l-fl.  lln-  wurk  li'-T-t  '-.y  -'"i  -.:-:'.   -j 
■  III-  f'v  lli<'  tniimfnt  of  i  ,".-.':"  -:  ■'.' 

I  ,>.1ii>  1  i>l  ilii-  force  an"!  :h»  '.:r.tir  :.* 

ilo   l.i.ilv  iilKnil  A  ix  no:  r-«-=:?i  ':- 

.•I  lour  I    will  (iroduce  an  ar.^^^r  i 

.'  I»  iiii:  llir  iimmcnt  of  inenii  i':-: 

iuhIhi-  ilis|ilnccment  ft  (he  a 
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tti(  lir  or  a  boHy  rolling  down  an.  incline.  We  hare  already  s 
(!8o)  thai  the  whole  irolion  of  such  a  body  may  be  rtgarded  as 
TOuisting  of  two  separate  motions,  a  motion  of  innslation  of  the 
Onlcr  of  mass  and  a  motion  of  rotation  abotit  the  center  of  mass, 
ud  these  may  be  calculated  separately.  It  can  be  shown  mathe- 
Batically  (DuflTs  Mechanic!,  §  107)  that  we  may  proceed  in  th« 
way  in  finding  the  total  kinetic  energy  of  snch  a  body.  Tkr 
Htd  kinetic  energy  of  a  body  it  the  sum  of  the  ttMetie  energy  dme 
h  motion  of  translation  of  the  center  of  tnais  and  the  bimetit 
ntrgy  due  to  tnolton  of  rotation  about  the  center  of  mast.  Fmtn 
we  can  readily  calculate  the  total  kinetic  energy  of  a  loco- 
motive wheel,  of  a  body  rolling  down  an  incline  and  so  on. 

Because  motion  of  rotation  about  the  center  of  mass  and  mo- 
tion of  translation  of  the  center  of  mass  are  indq>endent  as  regards 
Iiolh  acceleration  and  kinetic  energy,  motion  of  rotation  about  the 
center  of  mass  is  often  called  pure  rotation.  ^^^^ 

KESULTANT  OF  FORCES  ACTXNO  ON  A  BODY.    ^H 

95.  Befoltant.  When  treating  of  the  forces  acting  on  a  partta^^ 
we  found  that  they  could  always  be  replaced  by  a  single  equivalent 
force  called  their  resultant.  When  a  number  of  forces  act  on  a 
body,  they  are  in  certain  cases  equivalent  in  their  effects  to  a  single 
force,  which  is  called  their  resultant.  As  we  shall  see  later,  there 
are  other  cases  in  which  ihis  is  not  so. 

96.  Conditiotis  to  be  Satisfied  by  Besnltaat  i.  The  resulunt 
must  be  competent  to  produce  the  actual  linear  acceleration  of 
the  center  of  mass  C,  and,  therefore,  its  component  in  any  direc- 
tion must  equal  the  sum  of  the  components  of  the  acting  fOrces  in 
that  direction.  This  condition  is  simplified  by  considering  that 
any  actual  acceleration  of  C  is  made  up  of  three  independent  com- 
ponents along  axes  at  right  angles.  Hence  the  resultant  must 
have  a  component  in  each  of  three  rectangular  directioiu  equal 
to  the  sum  of  the  components  of  the  forces  in  these  directions- 

2.  The  resultant  must  be  competent  to  produce  tlie  actual  angular 

acceleration  about  any  axis,  and.  therefore,  its  moment  about  any 

axis  must  equal  the  sum  of  the  moments  of  the  acting  forces  about 

that  axis.     It  is.  however,  not  necessary  to  consider  all  axes;  for 

I     the  whole  motion  of  a  body  may  be  considered  as  made  up  of  trans-       j 
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lation  of  the  center  of  mass  and  rotation  about  the  center  of  mass. 
Hence  it  is  sufficient  to  consider  axes  through  the  center  of  mass. 
Whatever  the  angular  acceleration  about  the  center  of  mass  it  is 
equivalent  to  three  component  angular  accelerations  about  rect- 
angular axes  through  the  center  of  mass  (§72).  Hence  the  sec- 
ond condition  reduces  to  this:  the  moment  of  the  restdiant  about 
each  of  three  rectangular  axes  through  the  center  of  mass  must 
equal  the  sum  of  the  moments  of  the  forces  about  that  axis. 

If  a  force  satisfies  the  above  conditions  it  is  the  resultant.  We 
shall  now  apply  these  tests  to  find  the  resultant  of  the  forces 
acting  on  a  body  in  some  cases  of  importance. 

97.  Resultant  of  Two  Parallel  Forces,  i. 
Let  P  and  Q  be  two  forces  in  the  same  direc- 
tion acting  at  points  A  and  B  respectively. 
A  single  force  R  in  the  direction  of  P  and  Q 
C  ^|.  and  equal  to  (P  +  Q)  will  satisfy  the  first 
condition  of  §96,  since  its  component  in  any 
direction  equals  the  sum  of  the  components 
of  P  and  Q  in  that  direction. 
Fig.  47.  This  force  will  also  satisfy  the  second  con- 

dition provided  it  act  at  a  point  C  in  AB 


B 


such  that 


P 

Q 


CB 
CA 


For  first  consider  an  axis  through  the  center  of  mass  and  per- 
pendicular to  the  plane  of  P  and  Q.  Suppose  it  to  cut  that  plane 
in  O.  Draw  OA'C'B'  to  cut  the  lines  of  the  forces  at  right 
angles.    Then 

£^CB  ^  CB'  ^  OB'  —  PC 

Q      CA       CA'      OC'-OA' 

.-.    (P  +  Q)OC  =  P'OA'  +  Q'OB' 

Thus  the  moment  of  R  about  the  axis  equals  the  sum  of  the 
moments  of  P  and  Q.  Next  take  an  axis  through  the  center  of 
mass  perpendicular  to  the  above  axis  and  to  the  lines  of  the  forces. 
All  the  forces  are  at  the  same  distance  from  this  axis,  and,  since 
R  equals  (P  +  Q)*  the  moment  of  R  about  it  equals  the  sum  of 
the  moments  of  P  and  Q  about  it.    Finally  an  axis  perpendicular 
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to  the  other  two  will  be  parallel  to  P,  Q  and  R  and  each  will  have 
zero  moment  about  it. 

Hence  R  is  the  resultant  of  P  and  Q, 

It  is  important   to  notice  that  C  is  the  point  we  would  have 
found  if  we  had  been  sedcing  the  center 
of  mass  of  particles  at  A  and  B  propor- 
tional to  P  and  Q    (§  74). 

2.  Let  P  and  Q  he  in  opposite  direc- 
tions and  suppose  P>  Q.  A  single  force 
R  in  the  direction  of  the  greater,  P,  and 
equal  to  (F — Q)  will  satisfy  the  first 
condition,  since  its  component  in  any  direc- 
tion equals  the  sum  of  the  components  of  P  and  Q  in  that  Erec- 
tion. It  will  also  satisfy  the  second  condition  if  it  act  at  a  point 
C  in  BA  produced  such  that 

P      CB 
Q^CA 

Consider  first  an  axis  through  the  center  of  mass  perpendicular  to 
the  plane  of  the  forces  and  cutting  that  plane  in  O  2nd  draw 
OCA'S'  to  cut  the  lines  of  the  forces  at  right  angles.    Then 


Fm.  4t. 


P_^CB^  CB^  ^  OB'  —  PC 
Q^  CA      CA'       OA'-^OC 

(P  —  Q)OC  =  P'OA'  —  Q'OB' 


Hence  the  moment  of  R  about  the  axis  equals  the  (algebraic) 
sum  of  the  moments  of  P  and  Q,  The  same  is  true  of  two  other 
axes  taken  as  in  case  (i) ;  the  proof  need  not  be  repeated  as  it  is 
identical  with  that  there  given. 

Hence  R  is  the  resultant  of  P  and  Q. 

To  find  the  distance  of  C  from  A  replace  CB  by  (CA  +  AB)  in 
the  above  equation  for  the  position  of  C.    Then 


CA  = 


Q'AB 


Hence  CA  is  greater  the  less  (P  —  Q),  that  is,  the  more  nearly 
the  forces  are  equal. 
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98.  OonpIflB.     Two  equal  and  opposite  forces,  not  in  the  same 

line,  consiiiuie  a  coupU.     If  wc  attempied  to  6ad  the  resultant  of 

two  such  forces  by  the  method  of  the  last  sectioti,  it  would  pvc 

zjcro  force  at  an  infinite  distance  and  such  a  force  has  no  real 

existence.    Hence  a  couple  cannot  be  reduced  to  a  single  force. 

The  sum  of  the  moments  of  two  forces  constituting  a  couple  is 

the  same  about  all  axes  perpendicular  to  the 

^       I  ^,  ,       plane  of  the  couple.     For  about  an  axis  0 

p  between  the  forces  the  moments  of  the  forces 

£     o  are  in   the  same  direction  and  their  sum  is 

(POA-\-POB)    or  PAB;  and  about  an 

axis  O'  not  between  the  forces  the  moments 

id  the  sum  is  {POB'  —  POA')  which 
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are  in  opposite  directions  a 
again  equals  P-AB. 

The  distance  AB  between  the  forces  of  a  couple  is  sometimes 
called  the  ann  of  a  couple  and  the  moment  of  the  couple  about 
any  axis  perpendicular  to  its  plane,  that  is  P-AB,  is  sometimes 
called  the  strength  of  the  couple.  Two  couples  in  the  same  or 
parallel  planes  and  of  the  same  strength  are  equal  in  all  respects 
and  produce  equal  effects. 

Since  the  sum  of  the  forces  of  a  couple  equals  lero,  the  couple 
produces  no  acceleration  of  the  center  of  mass  (§  79) ;  and  if  the 
center  of  mass  be  at  rest  it  will  remain  at  rest,  or  if  it  be  moving 
in  any  way  it  will  continue  moving  with  constant  velocity.  The 
angular  velocity  produced  by  the  couple  must  therefore  be  about 
some  axis  through  the  center  of  mass. 

S9.  Resultant  of  any  Niimh«r  of  Parallel  Foices.  To  find  the 
resultant  of  any  number  of  parallel  forces,  whether  in  one  plane 
or  not.  we  may  find  the  resultant  of  two,  then  combine  this  re- 
sultant with  a  third  and  so  on.  The  final  resultant  will  be  either 
a  single  force  or  a  couple  or  zero.  At  each  step  the  resultant 
equals  the  algebraic  sum  of  the  forces  added.  Hence  the  final 
resultant  equals  the  algebraic  sura  of  all  the  forces. 

The  line  of  action  of  the  resultant  may  also  be  found  by  apply- 
ing the  principle  that  ihc  moment  of  the  resultant  about  any  axis 
must  equal  the  sum  of  the  moments  of  the  forces  about  that  axis. 
When  the  forces  are  all  in  one  plane,  to  find  the  line  of  action  of 
the  resultant  we  only  need  to  take  moments  about  any  axis  per- 


DYNAUICS.  77 

rfndieular  to  the  plane.  When  the  forces  arc  not  alf  in  one 
nliini;  ii  will  be  necessary  to  take  moments  about  two  rcci«ngular 
lies  perpendicular    to    the    forces, 

iOO,  Ceotcr  of  Oravity.  Attention  has  been  called  in  (i)  9  97  to 
ilic  tdcniiiy  of  the  method  of  6nding  the  resultant  of  parallel  forces 
in  ihe  same:  direction  and  the  method  of  finding  the  center  of  mass 
■ji  a  number  of  particles.  If,  for  the  particles  in  a  certain  group  of 
farticles  or  of  a  body,  we  substitute  parallel  forces  alt  in  one 
direction  acting  at  the  respective  positions  of  the  particles  3nd_ 
pnponional  to  the  particles,  the  point  of  action  of  the  resultant 
«HI1  coincide  with  the  center  of  mass.  This  is  sometimes  taken  as 
ihe  definition  of  the  center  of  mass.  It  should  be  noticed  that 
whing  need  be  said  as  to  the  common  direction  of  the  parallel 
forces. 

The  forces  of  gravity  on  the  particles  of  a  body  are  (very 
nearly)  parallel  forces  and  they  arc  proportional  to  the  masses  of 
the  particles.      Hence  the   Center  of  Gravity  of  a  body,  or  the 

rint  of  action  of  the  resultant  of  the  (very  nearly)  parallel 
CCS  of  gravity,  coincides  with  the  center  of  mass  of  the  body. 

A  very  large  body  near  tbe  eartb  has  a  dclinitc  ccnicr  of  mau  but  not 
dcliriitc  center  of  gravity  (ezcepi  m  same  particular  cases),  for  ihe  farce* 
not  quite  parallel  nor  quite  proportionat  to  the  masses.  This  is  of  do 
ictical  importance  as  regards  bodies  of  the  »iie  found  on  the  earth's 
face ;  but  it  IS  of  great  importance  in  considering  Ihe  efTect  of  the 
attraction  of  the  sun  and  moon  on  the  motion  of  Ihe  earth. 

101.  Oantrifngal  Force.  In  §47  we  found  an  expressioii  for 
:  force  required  to  keep  a  particle  revolving  in  a  circle.  We 
Biay  now  extend  this  to  a  bojy  of  any  she  or  shape.  When  a 
mass  m  rotates  with  constant  angular  velocity  about  any 
L  through  the  center  of  mass,  the  latter  moves  uniformly 
dc  and  has  therefore  an  acceleration  i-'/r  toward  the  cen- 
ter. Hence  the  force  acting  on  the  body  (or  the  resultant  of  the 
if  there  are  several)  must,  by  the  principle  stated  in  §79, 
equal  im'/r  and  must  act  in  the  line  joining  the  center  of  mass 
a  the  center  of  the  circle  and  the  body  will  react  with  an  equal 
uid  opposite  force.  This  reaction  is  the  cause  of  the  varying 
ri  which  an  unbalanced  fly-wheel  exerts  on  the  axis. 

many  caws  more  than  3  single  force  fin  addition  to  those  tenuircd 
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:  friction  and  sustain  the  weight  □(  the  body)  i9  required  to 
keep  a  body  rotating  about  an  axis.  As  a  simple  case  consider  a  paii 
of  e<|uat  spheres  joined  by  a  light  rod  and  rolaling  about  a  vertical  axis 
through  the  center  of  the  rod.  Since  the  center  of  mass  has  no  acceleta- 
lion,  (he  forces  acting  on  Ibe  body  if  transferred  Id  the  center  of  nUSl 
would  have  a  icro  resultant.  Hence  the  forces  musl  form  a  couple  and 
the  reactions  on  the  axis  will  form  a  couple  called  a  cenlrifugai  couple 
tending  to  bend  the  axis  or  make  it  rotate  about  an  axil  perpendicular  to 
itself.  For  certain  axes  of  rolalion  of  a  body  Ihe  centrifugal  couple  is 
leio.  In  the  above  simple  illustration  this  is  true  when  the  axis  of  rotation 
is  in  the  line  of  the  centers  of  the  balls  or  at  right  angles 
thereto.  These  are  also  the  positions  of  maximum  and 
minimum  moments  of  inertia  of  the  body.  A  similar  sUle- 
mcnt  will  evidently  apply  to  a  sytnmelrical  body,  such  as  a 
circular  disk,  which  can  be  divided  into  pairs  of  panicles 
like  Ihe  above.  Whatever  the  shape  of  a  body  (here  arc 
three  rectangular  axes  through  any  point  of  the  body  about 
which  it  can  rotate  without  exerting  any  centrifugal  couple 
axis  of  maximum  moment  of  inertia  through  the  point,  that 
lomefit  of  inertia  and  a  third  perpendicular  to  both. 

ning  about  a  principal  axis  through  its  center 
of  mass  it  continues  lo  spin  without  any  tendency  lo  "wobble"  or  exert 
a  centrifugal  couple.  This  is  illustraled  by  the  motion  of  a  well-thrown 
quoit  or  discus,  by  that  of  a  bullet  from  a  rifled  gun  and  by  the  motion  of 
the  earth  about  its  axis.  But  when  the  axis  of  initial  spin  is  not  a  prin- 
cipal axis  irregular  motion  ensues,  as  is  illustrated  by  a  badly  thi 


When  a  body  i 
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linear     j 


102.  Oonditlona  of  Equilibriom.    The  forces  acting  on  a 
are  in  equilibrium  wlicn  they  cause  no  acceleration  either  linear 
or  ang:tilar,  that  is  when  their  resultant  is  lero. 

Given  that  a  system  of  forces  is  in  equilibrium  we  may  con- 
clude (from  §79)  that  the  sum  of  their  components  in  any  direc- 
tion equals  aero,  since  there  is  no  acceleration  of  the  center  of 
mass,  and  also  that  the  sum  of  their  moments  about  any  axis 
equals  sero  since  there  is  no  angular  acceleration  about  any  axis. 

When  we  equate  the  sum  of  the  components  of  the  forces  in  any 
direction  lo  zero  we  get  a  relation  between  the  forces,  and  it 
might  seem  that  we  could  get  an  tinlimited  number  of  such  rela- 
tions; but  in  reahty  there  are  only  three  of  these  independent,  e.  g.. 
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tiiosc  got  by  taking  th«  sum  of  Ibe  components  in  some  three  ili- 
TECtions  at  right  angles. 

Siinilatly  wc  get  a  relation  between  the  forces  by  equating  the 
sam  (i!  the  momerits  about  any  axis  to  zero ;  but  again  there  ate 
only  three  of  these  relations  independent,  e.  g.,  those  got  by  taking 
rnoments  about  some  three  rectangular  axes, 

Thm  we  can  deduce  at  most  six  independent  relations  between 
Eorces  in  equilibrium  and  this  might  have  been  expected  from  the 
fact  that  a  body  has  six  degrees  of  freedom  at  most. 

We  may  reverse  the  point  of  view  and  ask  what  relations  and 
bow  many  must  forces  satisfy  to  make  it  certain  that  they  shall  be 
in  equilibrium,  that  is,  what  arc  tlte  conililions  essential  to  ecjui- 
librium.  The  answer  is  again  six  relations,  namely,  the  sum  of 
the  components  in  each  of  any  three  rectangular  directions  must 
equal  zero  and  the  stmi  of  the  moments  about  each  of  some  three 
rectangular  axes  must  equal  zero. 

103.  Foices  in  &  Plane.  When  the  lines  of  action  of  forces  thai 
ire  in  equilibrium  lie  in  one  plane,  the  sum  of  the  components  of 
the  forces  in  each  of  any  two  directions  at  right  angles  in  the 
plane  equals  zero.  In  this  case  Ihe  third  rectangular  axis  Is  per- 
pfndicular  to  the  plane  and  the  component  of  each  force  in  thai 


if  the 
plane  is 
and  the 


ro.  Alsi 
any  axis  perpendicular  to  thi 
angular  axes  are  in  the  plan 
forces  about  such  an  axis  is  zero. 
Hence  when  forces  in  a  plane  t 
pendent  relations  among  the  forces 


f  the  forces  al>oul 

The  other  two  rect- 

of  any  one  of  the 


in  equilibrium  three  indc- 
1  tie  deduced. 


IM.  Examples  of  EqnIUbilnm  of  Farces  in  a  Plane.     To  make 
mauling  of  the  above  statements  clearer  we  shall  eor- 
iida  two  ejiainples. 

I.  A  unifonn  bcsni  AB  (length  =  J)  rests  without 
>1ippio8  on  the  ground  and  leans  without  friction  againsi 
»  iRtoolb  wall.  What  is  tie  force  (F,)  on  (he  wnll 
mi  on  the  ground  (F,)  and  what  is  the  force  of  friction 
(f^i)  between  the  beam  and  (he  ground? 

Since  there  is  no  friciion  at  B,  F,  is  horiionial. 
The  force  at  friction  at  ,*,  that  is  F„  is  horiionui 
ind  toward  E.  Equating  the  sum  of  the  horizontal 
forces  to  zero  we  get 

F.  — F,  =  o 
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and  equatiog  tb«  vertical  force*  to  (cto  we  em 
Fj  —  IV  =  o. 


(») 


A  lliinl  relation  may  be  obtained  by  taking  a 
dicalar   lo   tbc  plane   of   the   forces.     If   we   choose   for   this  porpose 
axis  tbtougb  M,  tbe  relation  will  be  as  aimpte  as  possible,  since  F,  a 
F,  have  zero  moment  about  such  an  axis.    The  weight  acts  at  the  center  C 
of  the  beam  and  the  distance  of  its  line  of  action  from  A  is  <//a)  cosft 
Also  the  distance  BE  of  ihc  line  of  action  of  F,  from  A  t 


From  Ibeae  three  equations  wc  get 

F,  =  F,^  iWi: 


a.  A  uniform  rod  hangs  from  a  vertical  wall  by  a  hinge  and  rests 
smooth  floor.     In  this  case  the  force  at  A  niust  be  vertical,  since  there  it 
^  no  boriionlal  force  of  friction  at  A.     Let  the  force 

on  tbe  beam  at  B  consist  of  a  horizontal  part  F'l 
and  a  vertical  part  F,.  Equating  to  zero  the  sui 
tbe  vertical  forces,  the  sum  of  the  borizontal  farces 
and  the  sum  of  the  moments  about  S.  we  get 

F,  =  o;  f, +  F,— W^o 
wi  cos«  — F^cos8  =  o. 
P>o.  s=..  """  F,  =  ^:F,=^W.f,=  W. 

Since  F,  is  zero  the  rod  does  not  press  against  the  wall.      This  rt 
which  seems  at  first  improbable,   may  be  verified  by  allowing  A   to 
otl  a  board  on  a  tank  of  water  and  hanging  S  by  a  cord;  the  cord  will  be 
found  to  be  vertical  when  tested  by  comparison  with  a  plumb  line. 

106.  Special  Cases  of  EquLlibrimn.    i.  When  two  forces  are  I'l 

cquililirium  they  niiisl  be  equal  and  opposite  and  in  Ike  same  Une. 
\i  tiot  equal  and  opposite  llicy  would  produce  translation  and  if 
not  in  the  same  line  they  would  produce  rotation. 

For  example  a  body  suspended  by  a  cord  must  rest  so  that  its 
center  of  gravity  is  vertically  below  the  point  of  support.    This 
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juppiies  an  experimental  method  of  finding  the  center  of  gravity 
1  disk  of  any  shape.  Il  is  only  necessary  to  support  it  in 
I  nccession  at  two  points  on  its  rim  and  6nd  the  intersection  of 
I  the  lines  of  support. 

2.  IVhen  three  forces  are  in  equilibrium  they  must  all  lie  in  one 

l^ne.    For  the  sum  of  the  moments  of  all  three  about  any  axis  is 

l«ro.     About  any  axis  that  intersects  the  lines  of  action  of  two 

Fof  the  forces  the  moments  of  these  two  forces  are  zero.     Hence 

any  such  axis  must  also  intersect  the  line  of  action  of  the  third 

force  (unless  it  be  parallel  to  il).     Thus  an  infinite  number  of 

^raight  lines  can  be  drawn  so  as  to  intersect  the  lines  of  action  of 

1  the  forces  and  this  cannot  be   so  unless  all  the  forces  be  in 

e  plane. 

3.  Three  forces  in  equilibrium  tttust  either  be  parallel  or  pais 
through  a  single  point.  If  they  are  parallel  one  is  equal  and 
opposite  to  the  resultant  of  the  other  two.  If  they  are  not  parallel 
two  of  them  intersect  and  their  moments  about  the  point  of  inter- 
i  are  zero.  Hence  the  third  must  pass  through  the  point 
[  iDtersection  of  any  two. 

iple  oE  three  parallel  forces  in  equilibrium  consider  (z)  of 
I  of  F,  and  F,  must  be  etiua!  and  opposite  lo  and  in 
ich  Bcis  Bt  Ibe  middie  of  .10.      Hence  F,  and  F,  are 

I  example  of  tliree  non-parallet  forcei  in  equilibrium  consider  (i) 
f  i  tofl.  Let  the  resultant  of  F,  and  F,  be  F.  Then  F,  F,  and  W  are 
E  forces  in  equilibrium.  Hence  F  must  pass  through  the  inlcrseclion 
■rf  P,  and  W.  Hence  ihe  direction  of  F  is  readily  found  eraphically.  We 
may  also  find  graphical!)'  the  magnitudes  of  F,  and  F.  Since  DA  and  BH 
•re  equaJ.  HBDA  ia  a  parallelograni.  Hence  F,  F,  and  fV  arc  proportional 
to  HA.  HB  and  HD. 

106.  Stable,  Unstable  and  NantrAl  Eqnllibrinm.    A  body  is  in 

equilibrium  when  it  is  cilhcr  at  rest  or  moving  uniformly,  that 
is,  without  acceleration  linear  or  angular.  The  resultant  of  the 
forces  acting  on  such  a  body  is  zero. 

When  a  body  in  equilibrium  is  at  rest  the  equilibrium  is  de- 
scribed as  static.  Of  this  kind  of  equilibrium  there  are  three 
forms,  stable,  unstable  and  neutral.  A  body  at  rest  is  in  stable 
equilibrium  when,  on  being  slightly  displaced,  il  lends  lo  return  to 
its  equilibrium  position.    This  is  illustrated  by  a  chemical  balance. 
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end  or  a.  board  balanced  on  a  corner ;  a  disturbance  lowers  the 
center  of  gravity.  The  statement  U  true  whatever  the  forces  in 
action;  for  the  fact  that  the  body  when  disturbed  moves  farther 
away  from  its  position  of  equilibrium  and  thus  gains  kinetic  energy 
shows  that  its  potential  energy  diminishes. 

JVhen  Ike  equilibrium  is  neutral  a  displace- 
ment produces  no  change  of  potenlial  energy; 
when  a  sphere  rolls  on  a  horizontal  tabic  its 
center  neither  rises  nor  falls.     An  interesting  ■ 
illustration     is    afforded     by     the     apparatus 

sketched    in    the    adjoining    figure.      It    will  '  ' 

,  ...  ,     ,  Fio.    M.      Neo 

remain  at  rest  whatever  the  positions  of  the  e<iuiiibtlom. 

equal  weights  which  are  adjustable  along  the 
lioriiontal  rods,  for  the  total  potential  energy  is  the  same  in 
For  kinetic  equilibrium  consult  advanced  works. 

The  principte  ihat  tor  stable  equilibrium  the  polenlial  energy 
minimuin  is  extensively  illualrated  in  nature ;  the  potential  energy 
bt  partly  or  wholly  otber  Iban  mecbanical  energy,  in  forms  dealt  wii 
olber  parts  at  Physics.      Changes  are  continually  laking  place   in  ni 

I  and  bodies,  when  diiturbed,  settle  into  position  of  slable  equilibrium, 
il,  of  minimum  potential  energy. 
KINEMATICS  AND  DYNAMICS 
PERIODIC  MOTIONS. 
108.  A  periodic  motion  is  one  that  is  repeated  i 
tqual  intervals  of  time.  The  time  required  for  each  such  repeti* 
lion  is  called  the  period  of  the  motion.  Thus  the  moon  revolves 
around  the  earth  with  a  periodic  motion,  the  period  of  which  is  a 
lunar  month  and  the  earth  revolves  about  the  sun  in  a  period  of  a 
year.  The  end  of  a  hand  of  a  clock  has  a  periodic  motion  about 
the  center  of  the  face.  A  point  on  a  vibrating  violin  string  or 
piano  wire  has  a  periodic  motion. 

109.  Unifonn  CircnI&r  Uotlon.  When  a  point  P  revolves  with 
constant  speed  in  a  circle  of  center  C  the  position  of  P  at  any 
moment  may  be  assigned  by  giving  the  atigle  that  CP  makes  with 
some  fixed  diameter  such  as  CA.  The  angle  is  usually  called  the 
phase  oi  P's  motion. 
If  the  period  of  the  motion  be  T,  the  angle  through  which   "* 


I 
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llic  phase 


revolves  tn  unil  time  is  the  angular  velocity 
u  and  equals  2w/T.  Let  us  suppose  that  at 
the  moment  from  which  we  bej^n  rcekoning 
'  time  P  is  at  some  position  B  and  let  its  phase 
at  that  mometil,  that  is,  the  angle  BCA,  be  t. 
After  time  (,  P  will  have  re\'olved  through 
an  angle  «.<  or  {2Tr/T)t  and  the  phase  at  time 
(  will  be  ({37r/7")/  +  <-).  The  angle  e  or 
.1  time  is  called  the  efioch  of  the  motion. 
110.  Simple  Hannonic  Hotion.  This  is  the  most  important  form 
of  periodic  motion.  /(  ii  a  vibration  in  a  straight  line,  the  mofii>n 
being  such  that  the  vibrating  point  has  an  acceleration  which  is 
toward  the  center  of  its  path  and  proportional  to  its  distance  from 
the  center. 

\a\  A'A  lie  the  path  of  vibration  of  a  point  M  which  has  a 
aimple  harmonic  motion  and  let  C  be  the  center  of  A'A.     Denote 
the  distance  of  M  from  C  at  any  time  by 
.r  and  let  values  of  .r  be  considered  as  posi-  C        ^ 

tive  when  M   lies  between  C   and  A  and      a'  )t        a 

negative  when  M  lies  between  C  and  A'. 
When  X  is  positive  the  acceleration,  a,  ol 
M  is  toward  C  and  is,  therefore,  in  the  negative  direction,  and 
when  X  is  negative  a  being  still  toward  C  is  positive.  Hence  if 
we  denote  ihc  constant  of  proportionality  of  the  magnitude  of 
a  lo  .r  by  c  by  the  above  definition  of  simple  harmonic  motion 


The  distance  x  of  the  vibrating  point  from  the  center  of  motioH 
is  called  the  displacement  of  the  point. 

One-half  of  Ihc  length  of  the  path  of  vibration  is  called  Ih*  . 
amplitude  of  the  simple  harmonic  motion.    We  shall  denote  it  by  r. 
It  is  equal  to  the  magnitude   of  the  greatest  displacement    {CA 
or  CA'). 

The  lime  required  for  a  complete  '-'ibration  (that  is  from  A  lo  A' 
and  back  lo  A)  is  the  period  of  the  simple  harmonic  motion. 

111.  The  rorco  Acting  on  a  Body  that  ha*  Simple  Hannonlo 
Motion.    A  Ijody  that  has  a  simple  harmonic  motion  has  a  varying 
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acceieration  which  is  always  directed  loward  ihc  center.  To 
produce  tliis  acceleration  a  varying  force,  also  directed  toward 
ihe  center,  must  act  on  the  body.  Denote  the  force  by  P  and  let  i« 
he  the  mass  of  the  body.  From  the  Second  Law  of  Motion  and 
llie  delinttion  of  simple  harmonic   motion  we  get 


Since  m  and  c  are  constants  for  a  given  body  and  a  given  simple 
harmonic  motion,  the  force  required  is  always  opposite  to  and 
pToporlional  la  the  displacement. 

The  force  required  to  stretch  or  compress  a  spiral  spring  one 

end  of  which  is  fixed  is  proportional  to  the  displacement  of  the 

I  free  end  from  its  unstrained  position  and  the  reaction  exerted  by 

I  the  spring  is  opposite  to  and   proportional   lo  the   displacement 

(556).     Hence  a  body  attached  to  such  a  spring  and  allowed  to 

vibrate  under  the  action  of  the  spring  has  simple  harmonic  mo- 

Thc  same  law  of  force  holds  for  a  flat  spring  when  bent 

and  in  fact  (or  any  elastic  body  when  distorted.     Hence  ail  elastic 

I  vibrations  are  simple  harmonic  motions  or  componnded  of  such 

I  motions   and  the  same  is  true  of  the  vibrations   that   constitute 

sound  and  light. 

112.  EnerKT  of  a  Body  that  has  Simple  Harmonic  HoUon.    The 

principle  of  the  Conservaiion  of   Energy  applies  to  a  body  that 

has  simple  harmonic  motion,  since  the  only  force  acting  on  the  body 

[  is  one  that  depends  on  the  position  of  the  body  (§63).     We  have 

1  fact  already  found  in  g  5i  the  proper  expression  for  the  total 

I  energy  of  such  a  body  in  any  position;  all  we  need  to  do  is  to 

substitute  for  k  its  value  in  the  present  case,  namely  ntc.     Hence 

I  the  total  energy  is  (i»it^  + Jmi-r")  of  which  the  first  part  is  the 

kinetic  energy  at  displacement  x  and  the  second  is  the  potential 

energy.    At  one  end  of  the  path  of  vibration  v  is  zero  and  x:=r. 

Hence  the  total  energy  is  potential  and  equal  to  ^mc^.     .\\  the 

_       center  x  is  lero  and  v  has  Its  largest  value  V ;  hence  the  energy 

H     is  entirely  kinetic  and  equal  to  JmJ". 

I        113.  Velocity  in   Simple  Harmonic  Uotion. — From   the   result 
^K    just  stated  we  can  find  a  useful  expression  for  the  velo^^^^any 
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displacement  Equating  the  total  energy  at  displacement  x  to 
that  at  maximum  displacement  we  have 

\mtf  +  \mc3f  :=  \ma^ 
•'.  v^z±:y/cy/f^ — ^ 

and  referring  to  Fig.  56  it  will  be  seen  that  the  positive  sign  must 
be  taken  for  motion  from  A'  to  A  and  the  negative  for  motion 
from  A  to  A', 

114.  Simple  Harmonic  Motion  miy  be  Regarded  ae  a  Projection 
of  Uniform  Circular  Motion.  If  the  expressions  for  the  accelera- 
tion and  velocity  of  a  point  that  has  simple  harmonic  motion, 
namely, 

a  =  —  ex 


be  compared  with  those  for  the  projection  of  a  uniform  circular 
motion  (§70)  it  will  be  seen  that  the  two  motions  are  of  the  same 
nature  and  we  may  regard  any  simple  harmonic  motion  as  the 
projection  of  an  imaginary  uniform  circular  motion.  This  in  fact 
is  sometimes  taken  as  the  definition  of  simple  harmonic  motion. 
The  relation  enables  us  to  deduce  in  a  simple  manner  some  im- 
portant properties  of  simple  harmonic  motion. 

116.  Period  of  a  Simple  Harmonic  Motion.  In  the  circular  mo- 
tion from  which  a  given  simple  harmonic  motion  may  be  projected 
the  radius  of  the  circle  must  equal  the  amplitude  of  the  simple 
harmonic  motion.  Moreover  from  the  expression  for  a  and  v  in 
§  113  and  those  in  §  70  it  is  seen  that  the  angular  velocity  oi  in  the 
circular  motion  must  equal  Vc  Also  the  period  of  the  circular 
motion  and  that  of  the  simple  harmonic  motion  must  be  equal. 

The  period  of  the  circular  motion  equals  2ir/<tf  and  this  equals 
2ir/Vc  or  2irV —  (^Z^)*  Hence  if  T  is  the  period  of  the  simple 
harmonic  motion 


=^'V"f 


It  will  be  noted  that  x  and  a  are  always  of  opposite  sign,  hence 
the  quantity  under  the  radical  is  numerically  positive. 


I 
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116.  Trigonometrical   Expression    for  tbe   Amplitude, 
consider  more  closely  the  circular  motion 
of    which    a    simple    harmonic    motion    of  q 

amplitude  r  and  period  T  may  be  imagined 
10  be  the  projection.  On  Ihe  path  A'A 
III  the  simple  harmonic  motion  as  diameter 
describe  the  circle.  Lei  P  be  the  point 
whose  motion  projects  into  that  of  the 
Hbraling  point  M.  The  angle  PCA  or 
llie  phase  of  P's  motion  equals  {{zir/T)! 
+  f].  Hence  for  CM  or  the  displacement, 
X.  we  have 


:=rcos 


{?'+.) 


B  While  we  have  deduced  this  expression  from  the  related  circular 
motion,  it  must  now  be  regarded  as  simply  an  expression  for  Ihe 
simple  harmonic  motion  of  amplitude  r  and  period  T. 
[{2r/T)t-\-e'\  is  called  the  phase  of  the  simple  harmonic  motion 
at  lime  t  and  c  is  called  the  epoch  of  the  simple  harmonic  motion. 
Since  the  phase  reduces  to  e  when  t  is  zero,  the  epoch  is  (he 
phase  at  the  moment  from  which  time  is  reckoned. 

For  certain  particular  values  of  e  the  expression  for  x  becomes 
simpler.  If  e  is  zero,  which,  as  we  see  from  Ihe  circular  motion. 
means  that  at  zero  time  M  is  at  A,  the  expression  for  x  is 

Sir, 


If  <■  = — (jr/i),  at  zero  time  P  is  at  / 
mil  moving  in  the  positive  direction. 


ind  M  is  therefore  a 


^H<kcai7 

■l 


117.  Simple  Pendtilnm.     A  simple  pendulum  consists  of  a  small 
Iwdy,  called  the  bob    (usually  spherical),  suspended  by  a 
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practically  inextensible  cord,  the  mass  of  which  is  so  small  as  to  be 
negligible  compared  with  the  bob.    As  the  pendulum  swings  through 

a  small  angle  the  bob  vibrates  through  a  small  arc 
of  a  circle  which  is  very  nearly  a  straight  line. 
The  force  of  gravity  tng  on  the  bob  of  the 
•    pendulum  acts  vertically  and  it  may  be  resolved 
into  a  component  along  the  tangent  and  a  com- 
ponent along  the  radius.    The  latter  component 
produces  a  tension  on  the  cord  which  does  not 
affect  the  motion,  while  the  former  component 
^^^*  produces    an    acceleration    along    the    tangent, 

^^v^^  When  the  cord  is  at  an  inclination  0  to  the 

vertical,  the  component  along  the  tangent  equals 
mg  cos  ((7r/2) — 0)  or  mg  sin  $.  Since  the 
pendulum  is  supposed  to  vibrate  through  a  very 
small  angle  sin  $  may  be  replaced  by  ^;  in  fact 
for  values  of  $  less  than  2^  sin  $  and  $  are  equal  to  one  part  in 
io,ooo.  If  the  distance  of  the  bob  from  its  lowest  point  measured 
along  the  tangent  be  denoted  by  x  and  the  length  of  the  pendulum 
by  /,  $  =  x/L  Hence  the  force  along  the  tangent  is  fng(x/l). 
As  regards  direction  this  force  is  in  the  negative  direction  when  x 
is  positive.  Hence  denoting  the  acceleration  along  the  tangent 
by  a  we  have  by  the  Second  Law  of  Motion 


4' 

Fig.  58.     Simple 
pendulum. 


Hence 


X 

—  mgj  =  ma 


Since  the  multiplier  of  jt  is  a  constant,  the  acceleration  is  op- 
posite to  and  proportional  to  the  displacement.  Hence  the  motion 
is  simple  harmonic  motion  and  if  T  be  the  period  or  time  of 
vibration  of  the  pendulum,  by  §  115 
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118,  Angnlar   Hftnoouic  Hotion.     A  body  attached  t< 
laay  vibrate  backward  and  forward  througli  an  angle. 
case  of  a  balance  wheel  of  a  watch  or  of  any  heavy  body  hung  o 
a  peg.     WTicn  the  angular  acceleration,  a,  is  always  opposite  t 
and  proportional   to   the  angular  displacement,   8.   the   motion   j 
called  angular  harmonic  motion.     Hence  the 
general  formula    for  such   motion   is 


C  being  a  constant. 

Let  Fig.   72  be  a  plane  through    the  body 
perpendicular  to  the  axis  0.     A  line  OM  in  A' 

the  body  will  vibrate  backward  and  forward 
through  an  angle.  The  point  M  will  vibrate  in  an  arc  of  a  circle 
of  radius  OM  or  r.  When  the  angular  displacement  of  OM 
from  its  mean  position  OC  is  6,  the  displacement,  x,  of  M  from  C 
is  rS  and  the  linear  acceleration,  a,  of  Af  is  ra  (§69).  Substi- 
tuting these  values  of  6  and  a  in  the  above  formula  and  concelling 
'we  get 

a  =  —C-x 

Thus  the  motion  of  M  is  simple  harmonic  motion  in  all  re- 
spects except  that  it  is  along  an  arc  (which  may  be  long  or  short) 
instead  of  along  a  straight  line.  We  might  suppose  the  arc 
Mraightened  out  without  any  other  change  in  the  nature  of  the 
motion  of  M.  Hence  if  T  be  the  period  of  M's  motion,  which  of 
course  is  the  same  as  the  period  of  the  angular  harmonic  motion, 


=  2ff  V  —  - 


I  lie  expression  for 
irmonic   motion   is   similar  10   inai    lor  me   calculation  01    me  ,1 

period  of  a  simple  harmonic  motion   {%  ti6). 
As  examples  of  angular  harmonic  motion  we  shall  consider  the  i 

I  torsion   pendulum  and  the  physical    pendulum.  I 
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zmc^m 


119.  TI16  Tonkm  PendvlimL  A  torsion  pendulum  consists  of  a 
vertical  wire  carrying  a  body  at  one  end  and  clamped  at  the  other 
end.  When  the  body  is  turned  around  the  wire  as  axis  and 
released  it  performs  angular  vibrations ;  the  twisted  wire  begins  to 

untwist  and  thus  starts  the  motion  which  persists 
after  the  wire  has  untwisted,  owing  to  the  kinetic 
energy  acquired  by  the  body. 

To  twist  the  wire  requires  the  application  of  a 

couple.    The  twist  B  produced  by  a  certain  couple 

of  moment  L  is  proportional  to  L  and  to  the  length 

/  of  the  wire.    Hence  LI  ^  $  or  U=rO  where  t  is  a 

constant  called  the  constant  of  torsion  of  the  wire. 

The  couple  exerted  by  the  twisted  wire  is  equal 

and  opposite  to  that  required  to  produce  the  twist 

Hence  the  couple  exerted  by  the  wire  on  the  body 

is  — t{B/1)  when  the  displacement  is  B.    This  couple  gives  the 

body  an  angular  acceleration  and  if  we  denote  this  by  a  and  the 

moment  of  inertia  of  the  body  by  / 


Fig.  60.  Torsional 
pendulum. 


e 
^1 


—  Tl^  =  h 


Ti' 


In  this  the  multiplier  of  ^  is  a  constant  which  depends  on  the  wire 
and  the  t)ody  and  is  independent  of  the  motion.  Hence  the  motion 
agrees  with  the  definition  of  angular  harmonic  motion  and  if  T 
is  the  period  of  vibration 

7  =  2^  >P 


// 


=  2ir\ 


It  should  be  noticed  that  we  have  not  assumed  the  angle  of  vibra- 
tion to  be  small  as  in  the  case  of  the  ordinary  pendulum;  in  the 
torsional  pendulum  the  restoring  couple  is  proportional  to  the 
angular  displacement  even  when  the  latter  is  large  (provided  it 
is  not  so  large  as  to  permanently  strain  the  wire). 

By   means   of  the   torsional   pendultim   the   moment  of  inertia   of  an 
irregular  body  can  be  compared  with  that  of  a  body  of  known  moment  of 
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rnii      The    l»o 
-D  attached  to  Tbc 


120.  The  Compooiid  Fendolom.  A  body  of 
any  shape  suspended  by  a  horizontal  axis  and 
vibrating  under  gravit)'  through  a  small  angle 
cjnstitutes  a  ccunpound  pendulum.  Fig.  6i  rep- 
r*i.ents  a  vertical  section  through  the  center  of 
gravit}-  C  and  perpendicular  to  the  axis  of  sus- 
[lension  S.  Denote  SC  by  A.  When  SC  i&  in- 
clined at  an  angle  fl  to  the  vertical  the  force  of 
^vity  mg  which  acts  at  C  has  a  moment  about 

5  tqual  to  mgk  sin  6  which  is  negative  when 

6  is  positive.    Hence  if  /  is  the  moment  of  inertia 
of  ihe  body  about  S 

—  mgh  sin  $  =  Ia 

H  the  angle  $  is  always  smalt,  we  may,  as  in  the  case  of  the 
simple  pendulum,  replace  sin  ff  by  fl  and  thus  get 


I 


Tliis  satisfies  the  conditi 
period  of  vibration  is 


I  for  angular  harmonic  motion  and  the 


''  tngh 


i 


Lei  ihF  radius  of  gyration  about  an  axis  through  C  parallel  to  Ihe  axil 
Buspcnsion  be  k.      Then  the  moment  of  iacrtis  about  the  axil  through 
C  is  ni*  and  about  Ihe  parallel  axis  through  S  it  ii  mt*  +  mA*  (by  I  Sj) 
■Kich  is  therefore  the  value  of  7.     Hence 


^'V^ 


npared  with  Ihe  formula  for  a 
>t  I  be  ihe  length  of  a  simple  pendulum  tl: 
tke  compound  pendolum 
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Htan  (J  — h>»  =  fc>. 

TW  k^^  t  tt  eridailT  creuer  tkaa  k.  Heacx  if  we  measure  along  SC 
a  leafik  oin]  to  I  we  tloU  anire  at  a  potst  O  in  SC  extended,  tit 
po*M  O,  wHA  ts  alwsr*  OD  Ihe  opposite  nde  of  C  fnnn  ^.  is  the  poinl 
al  wkid  Ac  whole  maaa  of  Ike  bodr  auaibt  be  pappaatd  conceiitralcd  wilb- 
a«t  aay  altcraiion  at  tkc  period  of  libeatioa.  O  U  called  the  center  of 
"^''■T*"  eormpoMdi^  to  the  axil  of  Mtycnnoii  J.  Sioce  CO  ={l  —  k) 
and  CS:=h  vc  bare  ai  tbc  relalwii  between  any  center  of  oscillation  an] 
the  podlion  of  ibe  correiponduig  axis  of  supension 

cs-co^e. 

If  tbc  pcndnlum  be  now  inrerted  and  b 
O  parallcJ  lo  the  fomcf  axis  tbe  nei 
in  OC  produced  and  most  sadsfy  the  relation 

CO-CO"  =  lf. 

A  comparison  of  these  two  equation*  show  that  O'  must  coincide  with  S, 
Ketice  tbe  center  of  snspenuon  and  tbe  center  of  oscillation  are  inter- 
changeable and  the  distance  between  them  is  the  lenEtb  of  the  equivalent 
liraple  pendulum.    This  is  the  principle  of  Kalcr's  pendulum. 

121.  Energy  Chuigu.     The  resultaiit  force  of  gravity  acts  at  C, 

hence  the  potential  energy  of  the  pendulum  in  any  position  is  the 

same  as  if  its  mass  were  concentrated  al  C.     But  the  pendtilum 

does   not    swing   as   if   it    were   concentrated    at    C,    because    its 

kinetic  energy  is  ihat  of  its  mass  supposed  cori' 

at  C  plus  its  kinetic  energy  of  rotation 

about  C  (§94).     As  the  pendulum  falls  toward 

the  vertical  the  lost  potential  energy  goes  partly 

into  energy  of  rotation  about  C:  hence  it  does 

not  swing  as  rapidly  as  if  it  were  concentrated 

I       '  *'    I  at  C,  that  is,  as  if  it  were  a  simple  pendulum 

Fta  6i.  °^  length  SC.     A  parallel  case  that  brings  out 

the  distinction  is  illustrated  by  a  block  suspended 

Ijy   two  cords   as    in    Fig.   62.     Swinging  perpendicularly    to   the 

plane  of  the  figure  it  is  a  physical  pendulum  of  length  SO,  tlie 

block  having  energy  of  rotation.     Swinging  parallel  lo  the  plane 

of  the  figure  it  is  a  simple  pendulum  of  length  equal  to  the  length 

of  the  cords;  the  block  in  this  case  has  no  rotation.     A  similar 

explanation  applies  to  the  motion  of  the  pans  of  a  balance.     They 
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do  not  rotate  with  the  bi 
ihe  motion  as  if  concentrated 
122.  Center  of  PercoasioiL 
important  relation  between  an 
S  and  the  corresponding  cent 
A  blow  at  O 
rotating  about  S 


but  n 


love  vertically;  hence  Ihcy  affect 
in  the  supporting  knife-edges. 
There  is  another 
ixis  of  suspension 
■  of  oscillation  O. 
will  start  the  body 
thout  any  jar  on  the  support 


Hence  0  is  also  called  the  center  of  percus- 
sion of  the  body  when  suspended  at  5.  The 
center  of  percussion  is  readily  found  by  suspend- 
ing the  body  by  a  cord  and  striking  horizontal 
blows  at  various  points.  Or  it  may  be  found 
by  holding  the  body  at  S  and  striking  across  a 
table  edge  as  a  base-ball  player  strikes  a  ball  with 
a  bat;  when  the  blow  is  through  the  center  of  ■■"'=■  *J-  <^«"'"' 
percussion  there  is  no  jar  on  the  hand. 

123,  Gyroscopic  Motion.  A  gyroscope  is  a  wheel  on  a  hori- 
zontal axle  which  is  supported  on  a  pivot  (a  bicycle  wheel  sus- 
pended by  a  vertical  cord  attached  to  a  short  extension  of  the  axle 
will  serve).  When  the  wheel  ts  set  in  rotation  and  the  axle  then 
released,  the  axle,  instead  of  tilting  in  a  vertical  plane  as  it 
would  if  the  wheel  were  at  rest,  revolves  in  a  horizontal  plane  at 
I  rate  that  depends  on  the  velocity  of  rotation  of  the  wheel  about 
^  the   axle.     This    motion    is   called   preceasion. 

(Slight  vertical  oscillations  or  nutations  of 
the  free  end  of  the  axle  may  also  accompany 
the  precession.)  The  weight  of  the  wheel 
acting  at  the  center  of  the  wheel  has  a  mo- 
ment about  an  axis  through  the  pivot  at  right 
angles  to  the  axis  of  the  wheel.  If  this  mo- 
ment of  force  he  increased  by  hanging  a 
eight  on  the  frame  the  rate  of  precession  will  be  greater.  If  the 
wheel  be  supported  at  its  center  of  gravity  there  will  be  no  mo- 
mcni  of  force  and  no  precession.  (Thus  mounted  the  instrument 
is  sometimes  called  a  gyrostat.) 

If  the  motion  be  carefully  considered  it  will  be  seen  that  it  is 
very  analogous  to  the  revolution  of  a  particle  in  a  circle  under 
the  action  of  a  force  directed  toward  the  center. 


J 
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MAITEB. 


draOar  Matiou. 

The  force  is  ia  «  direction  at 

right  uiglcs  10  the  'firectioa  ot 


This  force  tanses  stead)'  revo- 
hiltoa  of  the  panicle. 


Gyroscopic  Motion. 

The  tDoment  of  force  is  about 
an  axis  at  right  angles  to  the 
direction  of  the  axis  of  rotation. 

This  roocnent  of  force  causes 
steady  revolution  of  the  axis  of 


bat  changes  steadUy 
tioD. 


The    angalar    momentum    of 
the  body    remains   constant  id 
I  direc-      magnitode  but  the  axis  changu> 
sicaditv  in  direction. 


184.  MomoBt  of  Fore*  Seqiind  to  Pi«dac«  Preceoion.  From 
the  sioiilaritj-  of  the  two  motions  it  might  be  expected  thM: 
there  would  be  a  similarity  in  the  formulas  for  the  motions. 
The  force  in  the  circular  motion  is  ■■(v'/'r)  or  mv-m,  where  w  is  tlic 
angular  velocity.  Hence  the  force  equals  the  product  of  the 
momentum  mv  and  the  rate  of  change  of  the  direction  of  the 
momentum  h.  Similarly  the  moment  of  force  on  the  wheel  c<iuab 
the  product  of  the  angular  momentum  (/■)  of  the  wheel  and  the 
rale  of  change  of  the  direction  of  the  axis.  t.  e.,  the  rate  of 
precession  »,'.    If  L  is  the  moment  of  the  force  L  ^  /««'. 

12&.  Other  Bzaupla  of  PreceasioD.  The  curvature  of  the  path 
of  a  coin  rolled  with  a  tilt  along  a  table  is  due  to  the  precession  of 
its  axis  caused  by  the  moment  of  its  weight  about  the  point  of 
contact  with  the  table.     The  motion  of  a  top  is  a  precession. 

Any  large  body,  such  as  a  dynamo  armature,  in  rotation  aboard  a 
vessel  that  is  rolling,  pitching  or  turning,  has  a  precessional  mo- 
tion and  the  bearings  must  supply  the  necessary  moment  of  force 
and  experience  an  equal  and  opposite  reaction. 

When  a  side-wheel  steamer  is  turned  in  a  sharp  curve  there  is  ■ 
precession  of  the  axis  of  the  paddle  wheels.  To  produce  thii 
precession  and  at  the  same  time  keep  the  vessel  level  would  require 
a  moment  of  force  about  a  longitudinal  axis  and  in  the  absence  of 
such  a  moment  the  vessel  lists  to  one  side  or  the  other. 

The  earth  is  not  quite  spherical  but  bulges  at  the  equator.  Oo 
one  side  the  protuberance  is  closer  to  the  stm  than  the  center  of  the 
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earth  and  on  the  other  side  it  is  farther  away.     The  result  is  a 
moment  of  force  that  causes  a  precession  of  the  earth's  axis. 

The  gyroscope  has  been  applied  to  steering  torpedoes,  to  pre- 
venting the  rolling  of  ships,  to  balancing  trains  on  a  single  rail 
snd  it  has  been  suggested  as  a  means  of  balancing  an  aeroplane. 
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12S.  Static  Friction.  When  two  solids  are  in  contact  there  is  a 
resistance,  caused  by  the  surfaces,  to  the  sliding  of  one  on  the 
other.  This  resistance  is  called  Friction.  When  a  force  parallel 
to  the  surfaces  of  contact  is  applied  to  one  of  the  bodies  and  the 
force  is  less  than  a  cenain  amount,  which  depends  on  the  nature 
of  the  surfaces  and  the  pressure  between  them,  motion  will  not 
take  place,  the  resistance  being  equal  to  the 
force.  When  the  force  is  increased  lo  a 
vill  fail  to  i 


tain  value  the  resistance  v 
and  sliding  will  take  plac 
resistance  is  called  the  maximum  static  fric-  p,^  ^j 

fi'oM,  With  a  given  pair  of  surfaces  in  con- 
tact and  with  a  force  tending  to  produce  sliding  motion  in  a 
certain  direction  (to  avoid  the  influence  of  grain)  the  maximum 
static  friction  is  found  to  be  (within  certain  wide  limits  of  pres- 
sure) proportional  to  the  pressure.  Denoting  the  coefficient  of 
proportionality  by  /i,  the  maximum  of  static  friction  by  F  and  the 
pressure  by  P  we  have 


The  constant  /»  is  called  the  coefficient  of  static  friction  and  may  be 
defined  as  the  ratio  of  the  maximum  static  friction  between  two 
mrfaces  lo  the  pressure  beliveen  them. 

By  the  pressure  here  is  meant  the  total  perpendicular  force 
between  the  surfaces  (not  the  force  per  unit  of  area  as  the  word 
pressure  is  sometimes  used).     If  one  of  the  two  bodies  rests  on 

I  Hk  other  and  if  the  surfaces  of  contact  are  plane  and  horizontal 
Bie  pressure  is  the  weight  of  the  upper.  The  maximum  static 
Wiclion  is  the  force  applied  horizontally  to  the  upper  that  will  just 

I  produce  motion.    If  additional  weights  be  placed  on  the  upper  body 
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frictioM  win  be  increased  in  tbe  same  pwyortiw.  U  dv  ^fga 
mat*  be  ftdisiribaled  in  ainr  wxjr.  for  ■■—■*■-  if  it  be  oR  «  M> 
and  one  part  placed  on  ibe  oCher.  tbe  total  faece  «4  fiictiao  vfl 
not  diange;  lot.  wbUc  the  area  of  contact  wiS  be  AaaoB^ed,  Ac 
prCNHire  nn  each  unit  of  area  wiH  be  tncrcased  is  Ac  saae  p*- 
portion.  Thiu  ihe  lolal  frktional  rtastamct  U  imOepemdtta  ff  Ik 
arta  of  contact  and  for  two  given  surfaces  dcpoids  okAj  OB  tk 
preMure,  af  is  implied  in  the  equation  F^:=pP. 

71w  c«efl>ciait  of  sialic  friction  between  !■«  muCmo  dcf^di  •■  At 
oaleriaki  and  ■  variety  of  circumRaiKes-  The  iii^lm  tkc  anrfMc^  Atf 
\»  tlw  frcatcr  tbc  iiic>jiulitic*  in  each,  the  Earcn  is  fk  If  Ac  amrfxa  at 
not  clan  p»rtt  of  the  surfaces  are  replaced  br  snriaeei  of  the  fonip 
MilMane*  and  m  '■  necetaarilr  differcot.  Tlw  longei  two  ■arfaoci  ace  il 
conla<t  the  fTcaler  the  majiiaiom  static  friction;  this  ii  especial^  uw 
of  aofl  or  Rbroua  Mirfacei.  When  the  materials  arc  of  cniacd  aUuUt 
the  friction  it  areater  across  tbe  grain  than  along  it.  Frictioa  is  no  iadit 
due  to  InlcrlockinK  of  ibe  ptojections  on  one  mrface  with  iboce  «■  tbe 
other  surface  When  slipping  tabes  place  some  projeeting  pieoes  art 
broktn  olT  or  abraded  as  it  is  called.  With  prolonged  coDtact  betwcea  tvo 
■urfaccs  small  readjuslmenti  of  the  surface  particles  lake  place,  so  ibai 
thi  fit  becomes  clnter  and  tbe  resistance  to  motion  meaier.  It  has  ereo 
been  found  ibat  when  one  surface  ia  pushed  a  very  small  distance  (aat 
of  ■  cni,)  Il  will  when  released  spring  back,  thus  showing  that  ibere  is 
some  eUatic  bending  of  surface  projections.  In  general,  friction  between 
Iwo  surfaces  of  the  name  material  is  greater  than  belween  snrfaces  of 
differenl  maierial.  Thus  ihere  is  a.n  advantage  in  using  brafs  bearines 
for  ileel  shafts  U>  diminish  friction  and  covering  with  leather  the  face  of 
a  pulley  used  wilb  leather  belling  increases  friction  and  helps  to  prevcnl 
«tip. 

Priction  il  ulilited  in  the  transmission  of  energy  by  machine  belling. 
Usually  some  slipping  lakes  place  for  the  belt  stretches  somewhat  while 
In  conlBCI  wilh  tbe  pulley.  Friction  between  the  driving  wheels  of  a 
locomoilve  and  ihe  rails  prevents  slipping ;  withoul  it  the  locomoiive  wouM 
be  helpless,  and  where  il  is  not  auHicient  the  track  is  sanded.  To  hold  a 
rope  fast  it  is  sometime*  wrapped  around  a  post.  The  friction  on  each 
part  of  Ihe  rope  diminishes  the  lenaion  transmitled  to  the  next  pan.  It 
Is  found  Ihal  after  one  turn  the  tension  is  diminished  to  about  J,  afler 
Iwo  turns  to  i  of  i  and  so  on.  At  this  rate  afler  five  turns  a  pull  of  one 
pound  weight  on  Ihe  free  end  would  counteract  a  force  of  4  tons  at  the 
other  end. 

Tbe  laws  of  friction  were  first  investigaled  bj  Coulomb  and  are  Mue- 
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127.  Slip  on  an  Incline.  When  a  body  rests 
the  tilt  of  which  is  gradually  increased  there 
is  some  angle  i  at  which  slipping  begins. 

The  weight  of  the  body  is  mg  and  acts 
vertically.  It  may  be  resolved  into 
fionent  mg  sin  t  down  the  plane  and  a  compo- 
nent mg  cos  i,  perpendicular  to  the  plane. 
The  latter  component  causes  pressure  between 
the  surfaces,  while  the  former  is  the  force 
parallel  to  the  surface  which  produces  motioi 
definilion  of  this  coefficient  of  static  friction 


Hence  from  tbc 


F       me sm  t 
"^     P       mg  cos  I 

Thus  the  coefficient  of  static  friction  is  equal  to  the  angU  of  slip. 

(This  angle  is  also  sometimes  called  the  angle  of  repose.)     This 

relation  provides  a  simple  method  of  measuring  fi. 
128.  Slip  on  tlie  Horizontal  Frodnced  by  an  Inclined  Force 

When  a  vertical  force  R  is  applied  to  the  upper  surface  of  a  light 
body  (such  as  a  chip)  which  rests  on  a  horizontal 
surface,  slipping  does  not  take  place  but  when 
the  force  is  inclined  away  from  the  horizontal 
through   a   certain    angle,   the   body   slips.    To 

■'"'  find  the  magnitude  of  t,  resolve  R  into  a  vertical 

t  component  R  cos  i,  and  a  horizontal  component  R 

Btioc 
Itni 
d  tl 


f  The  former  produces  a  pressure,  P,  between  the  surfaces,  the 
is  parallel  to  the  surfaces  and  is  the  force,  F.  that  causes 
Hence 

P  _  R  sin  t 
*«=p-~fico5i  — '^'" 


■  It  may  be  noticed  that  the  cases  of  slipping  treated  in  this  section 
I  the  two  preceding  are  really  the  same,  as  is  shown  by  the 
timilarity  of  the  figures.  In  each  the  resultant  force  makes  with 
the  norma]  to  the  surfaces  an  angle  i  which,  when  slipping  just 
begins,  is  such  that  ;i=tan  i. 
189.  Kinetic  Friction.    To  keep  one  body  sliding  on  another  at  a 
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constant  speed  a  certain  force.  F,  parallel  to  the  surface  of 
contact  is  re<]uireA  Through  a  considerable  range  of  speed  this 
force  is  practically  constant.  The  opposing  resistance  offered  by 
the  surfaces  is  called  kinetic  friction.  It  is  found  to  be,  for 
certain  pair  of  surfaces  moving  in  a  definite  direction,  proportion^ 
lo  the  pressure.  P,  between  the  surfaces.  Denoting  the  coefficient 
of  proportionality  by  y!  we  have 


The  constant  /t'  is  called  the  coefficient  of  kinetic  friction.  It  may 
be  defined  as  the  ratio  of  the  kinetic  friction  between  two  surfaces 
to  the  fyressure  between  Ihctn. 

As  in  the  case  of  static  friction,  for  a  given  pressure  between  tw» 
surfaces  the  kinetic  friction  is  independent  of  the  area  of  contact. 
The  kinetic  friction  between  two  surfaces  is  in  general  less 
than  the  maximum  static  friction.  The  reason  probably  is  that 
time  is  not  allowed  for  the  surface  to  settle  into  as  close  contact 
as  if  they  were  at  rest.  Moreover,  kinetic  friction  is  not  quite 
independent  of  velocity.  When  the  velocity  is  decreased  until  It 
is  very  small  (how  small  depends  upon  the  particular  surfaces) 
the  friction  increases  and  it  continues  to  increase  as  the  velocity 
diminishes  toward  zero,  and  at  a  sufficiently  small  velocity  the 
kinetic  friction  probably  does  not  differ  appreciably  from  the 
maximum  static  friction.  At  very  great  velocities  the  friction  is 
generally  less  than  at  moderate  velocities. 

A  fridion  dynamometer  is  a  machine  for  measuring  the  power  of  an 
engine :  the  engine  drives  a  wheel  ovct  which  a  bell  hangs  under  known 
tension.  From  the  tension  of  the  bell  and  the  number  of  revalutiona 
made  by  the  latter  the  work  done  is  calculated. 

When  a  lubricant  is  used  between  two  surfaces  there  is  no  longer  friction 
of  solid  on  solid  and  the  laws  of  kinetic  friction  no  longer  hold;  tbe 
coefEicient  of  friction  depends  on  both  pressure  and  velocit)'  and  the  action 
is  very  complex.  The  friction  of  a  skale  on  ice  is  probably  greatly  di- 
minished by  the  momenlary  tiguefaclion  of  the  ice  immediately  under  the 
ikale  due  lo  the  ^eat  pressure  exerted  by  the  latter  on  a  small  area  (see 
the  part  of  this  work  on  "  Heat  ">. 

130.  Sliding  on  an  Inclined  Plane.  A  body  sliding  down  an  in- 
clined plane  (Fig.  21)  is  urged  downward  by  the  component  of 
its  weight  along  the  plane  and  retarded  by  friction.     If  the  in- 
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clinsdon  of  the  plane  to  the  horUontal  is  i  the  component  of 
gtavity  along  the  plane  is  mg  sin  i.  The  pressure  perpendicular 
10  the  plane  is  »»£  cos  i;  hence  the  force  of  friction  is  n'  mg  cos  t. 
1!  ihe  component  of  gravity  down  the  plane  exceeds  the  force 
uf  iriciion  the  body  will  slide  with  an  acceleration  a.  Hence, 
laking  the  direction  down  along  the  plane  as  the  positive  direction, 
we  have  by  Newton's  Second  Law 


=  mgsi 


-  ftmg  cos  ( 


rolling. 


I  a  =  gstni(i  — /cott) 

This  relation  suggests  a  method  of  finding  p.'  by  measuring  a  and  i. 

131.  BoUing  Friction.  The  term  friction  is  also  applied  to  the 
resistance  experienced  hy  a  wheel  in  rolling  on  a  surface  without 
any  slipping.  The  cause  of  the  resistance  is  in  this  case  entirely 
different.  This  is  seen  by  considering  the  roiling  of  a  heavy  wheel 
on  a  soft  substance  such  as  India  rubber.  If 
ihe  wheel  were  at  rest  it  would  sink  into  the 
mbber.  raising  a  small  mound  on  each  side  of 
llie  contact.  When  the  wheel  is  moving 
forward  the  motind  is  chiefly  on  (he  forward 
Me  at  A.  The  pressure,  P,  of  the  rubber  on 
the  wheel  at  A  is  inclined  to  the  vertical,  in  ' 
wme  such  direction  as  AP.  The  point  about 
which  the  wheel  is  momentarily  rotating  (g68)  is  not  C  but  B 
in  the  figure  and  the  moment  of  P  about  B  is  necessarily  opposed 
lo  that  of  F. 

It  will  he  noted  by  the  ciplanalian  that  the  resistance  to  the  motion  i* 
greater  the  softer  the  surface,  greater  the  greater  the  pressure  of  the 
■heel  on  the  surface  and  less  Ihe  larger  the  wheel,  since  a  latter  wheel 
will  distribute  its  pressure  over  a  larger  surface  and  will  not  sink  so  deeply. 
When  the  surface  on  which  the  wheel  roSls  is  hard  very  link  deformation 
will  ensue,  and  the  resistance  lo  the  motion  will  be  much  less.  Thus  Ihe 
resistance  lo  the  tolling  of  iron  on  inJia  rubber  is  about  ten  times  greater 
than  the  rolling  of  iron  on  iron.  With  a  lignum  viti  cylinder  of  i6-in. 
diameter  loaded  wilh  looo  lbs.  the  foiling  friction  has  been  found  lo  be 
iboul  3  per  cent,  of  the  sliding  friction  when  Ihe  wheel  was  not  allowed 
to  rotate.  Because  of  this  difference,  when  possible,  rolling  is  preferred 
to  sliding.  Thus  rollers  beneath  a  heavy  body  and  the  balls  in  a  balt- 
^■jlMring  greatly  diminish  frictiocal  resisiancc. 
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A  pneuinstic  tire  on  a  bicycle  or  autantobilc  Battens  out  in  contact  wi4 
the  ground  and  does  doI  link  in,  so  that  it  gives  the  wheel  the  advanlaga 
of  a  nuch  larger  wheel.  But  it  also  bulges  a  little  in  from  of  the  Satlened 
part  and  thii  bulge  is  an  obstruction  of  the  same  tialure  as  the  little  mound 
in  Fig.  68.  On  a  perfectly  amoo«h.  plane,  bard  road  a  pneumatic  lire  would 
be  >  disadvantage.  On  a  soft  rough  road  it  is  a  great  advantage, 
a  hard  smooth  road  the  tire  should  be  puiD[>ed  "bard"  for  a  soft  road  It 
should  be  "  soft." 

SIMPLE  MACHINES. 

132.  Hacbises.  A  machine  is  a  contrivance  for  applying  energy 
to  do  work  in  the  way  most  suitable  for  a  ceriain  purpose. 
machine  does  not  create  energy;  no  machine  can  do  that.  To  dft 
work  it  must  receive  energy  from  some  store  of  energy  and  the 
greatest  amount  of  useful  work  it  can  do  cannot  exceed  the  energy 
it  receives. 

Different  machines  receive  energy  in  different  forms,  some  in  the 
form  of  mechanical  (kinetic  and  potential)  energy,  some  in  tiri^ 
form  of  heat  energy,  some  in  the  form  of  chemical  energy,  and 
so  on.  We  shall  only  consider  here  machines  which  employ  me- 
chanical energy  and  do  work  against  mechanical  forces. 

In  certain  very  elementary  machines,  the  so-called  simple  mth 
chines,  the  agent  which  supplies  the  energy  exerts  but  a  single 
force  and  the  machine,  at  least  as  regards  the  useful  work  whid^ 
it  performs,  is  opposed  by  a  single  resisting  force.  The  fonnel 
is  frequently  called  the  "  power  " ;  but,  to  avoid  confusion,  we  shall 
call  it  the  applied  force.  The  resisting  force  is  frequently  called 
the  "  weight " ;  but,  as  the  opposing  force  is  not  always  that  ol 
gravity,  we  shall  call  it  the  resisiance. 

Every  machine  in  its  act: 
frictional  resistance;  the  work  done  against  it  is  not  usually  useful 
work.  This  in  many  cases  is  very  small,  and.  in  treating  (to  z 
first  approximation)  of  the  simple  machines,  it  is  customary  to 
neglect  it. 

133.  Mechanical  Advantaee.  The  work  done  by  the  applied^ 
force,  P,  is  measured  by  the  product  of  P  and  the  distance,  p, 
through  which  P  acts.  The  work  done  against  the  resistance  is 
measured  by  the  product  of  the  resistance,  Q,  and  the  distance,  q, 
through  which  it  is  overcome.     In  a  simple  machine  (where  fric- 
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lion  may  be  neglected)  these  roast  be  eqncL     Hence 

P        ~q 

Hence  ^  is  as  much  greater  than  9  as  Q  is  greater  than  /*  '  Thl; 
principle  was  first  stated  by  Stevinus.  It  is  frequently  put  in  tte 
form  "what  ii  gained  m  poorer  is  tost  in  speed." 

The  ratio  of  Q  to  P  for  a  machine  is  called  the  mechamcat 
aili-anlage  of  the  machine.  Since,  for  a  perfect  nuchine.  that  is 
'lie  in  which  friction  is  negligible,  the  abo-ve  ratio  is  also  the 
ratio  of  p  to  q,  it  follows  that  we  can  deduce  the  mechanical  ad- 
vantage of  such  a  machine  from  the  ratio  of  the  speeds  without 
considering  the  inner  mechanism  of  tlie  machine. 

134.  Effi£ienc7.  By  the  efficiency  of  a  machine  is  meant  the 
rjiio  of  the  useful  work,  or  work  of  the  kind  desired,  to  the  enei^ 
received.  For  a  simple  machine  without  friction  this  would  be 
unit)-.  When  there  is  friction  it  may  have  any  value  less  than 
unity. 

135.  Lev«n.  A  lever  is  a  bar  supported  at  a  point  called  the 
fulcrum,  F ;  a  force,  P,  applied  10  the  bar  at  a  point  A  will  over- 
come a  resistance.  Q,  acting  at  another  point  B.  We  shall  suppose 
that  P  and  Q  act  at  right  angles  to  the  bar  and  to  the  axis  of  rola- 
lion  at  the  fulcrum. 

To  find  the  relation  between  P  and  Q  suppose  the  bar  to  turn 
through  a  very  small  angle,  so  that  A  moves  through  a  distance 


1^-J, 


Aa  and  B  through  a  distance  Bb.  The  work  done  by  P  is  PAa 
and  the  work  done  against  Q  is  Q'Bb.  The  conservation  of  energy 
iei|uires  that  these  should  be  equal.    Hence 
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I'hli  relation  may  also  1ft  found  by  considering  the  poralld  forces 
acting  on  the  Lar  or  by  taking  moments  about  the  falcnmi. 

l.cvcrs.BTC' usually  divided  into  three  classes  represented  by 
dgureii.  Ju  hvcrs  of  the  first  class  the  force,  P,  and  the 
Q(  AK  on  0]ii>oiitc  titles  of  th«  fulcrum,  and  the  resistance  may  be 
•  grvter  or  less  than  the  applied  force.     To  this  class  bekmg  the 
crow-bBr,  forceps,  scissors,  poker  and  the  common  balance. 

In  lever*  o(  the  second  class  the  applied  force  and  the  resistance 
nre  on  the  name  side  of  the  fulcrum,  the  former  being  farther  frooi 
It  llinn  the  latter.  Thus  the  resistance  is  always  greater  than  the 
npplicil  force.  This  class  includes  the  oar  of  a  boat,  a  pair  of  nut- 
crackers, a  claw-hammer  for  extracting  nails,  etc 

111  levers  of  the  third  class  the  applied  force  and  the  resistance 
uro  on  the  same  side  of  the  fulcrum,  the  former  being  nearer  to  the 
fulcrum  than  the  latter,  The  purpose  of  such  a  lever  is  a  gain  oi 
ilU]ilaccmcnt  or  of  speed.  Tliis  class  includes  the  forearm  which 
U  liln^fcit  at  the  elbow  and  acted  on  by  the  biceps  at  a  distance  of 
two  or  three  inches  from  the  elbow,  a  pair  of  tongs  and  the  lever 
(if  a  safety-valve  for  steam  pressure. 

136.  Tb«  Wheel  and  Asia.  A  straight  lever  cannot  raise  a 
wi-IkIu  higher  nlmve  the  fulcrum  than  the  distance  of  the  weight 
from  the  fulcrum.  The  apparatus  called  a 
"  wheel  and  axle  "  acts  on  the  same  principle 
as  a  lever  hut  its  range  is  not  so  limited 
It  consists  of  a  wheel  of  large  radius  rigidly 
connected  to  an  axle  of  smaller  radius.  The 
applied  force,  P,  acts  on  a  cord  wrapped 
around  the  wheel,  while  the  weight  or  resist- 
ance acts  on  a  cord  wrapped  around  the  axle. 
The  principle  involved  is  that  of  a  lever  of 
the  first  class,  the  radius,  R,  of  the  wheel 
being  the  lever  arm  for  the  applied  force, 
.  of  the  axle  is  the  lever  arm  of  the 
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while  the  r.iiliii 
llcncc 


This  formula  may  also  be  proved  directly  by  equaling  the  work 
done  by  P  in  one  complete  revolnlion,  2jrRP,  to  the  work  done 
against  Q,  ^tirQ;  also  by  taking  moments  about  F. 
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The  principle  of  the  Wheel  and  Axle  is  applied  in  (he  pilot 

I  wheel  and  in  the  capstan  where  the  wheel  is  replaced  by  spokes  m 

t  axle,  and  in  the  winch  where  there  Is  but  a  single  spoke,  the 
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In  the  above  we  have  neglected  friction  which  ia  always  con- 

137.  Differential  Wheel  and  Axle.  To  obuin  a  very  high  me- 
chanical advantage  the  wheel  would  have  to  be  made  very  large, 
which  would  be  inconvenient,  or  the  axle  would  have  to  be  made 
very  small,  which  would  greatly  weaken  it.  To  avoid  these  dis- 
advantages the  axle  is  made  in  two  parts  of  dif- 
fercnl  size  and  the  cord  is  wrapped  in  the  same 
direction  around  both,  as  indicated  in  the  figure, 
flie   weight  being  carried  by  a  pulley  through   I 

lich  the  cord  passes. 

Let  the  radius  of  the  wheel  be  R.  that  of  the 
large  part  of  the  axle  r,  and  of  the  small  part  r'. 
Tlie  upward  force  on  the  pulley  is  twice  the  ten- 
sion of  the  cord  and  the  downward  force  is  Q, 
'Ihe  weight  of  the  pulley  being  neglected.  Hence, 
the  principle  of  forces  in  equilibrium ,  the 
iion  in  the  cord  is  iQ.  In  one  revolution  P 
does  work  P-2irR  and  the  tension  of  the  cord  entiii  wheel 
acting  on  the  smaller  part  of  the  axle  does  "'*■ 
work  \Q-2Tcr',  while  work  JQ-Sirr  is  done  against  the  tension 

the  cord  acting  on  the  larger  part  of  the  axle.     Hence 


P-2^R  +  iQ2^  =  iQ-Snr 
,    Q  _     3R 


138.  FnlleTS.  The  simplest  pulley  is  a  wheel  for  the  purpose  of 
nging  the  direction  in  which  a  force  is  applied.  It  consists  of 
wheel  in  a  framework  or  block  which  ia  either  fixed  or  free. 
Uf  it  is  fixed,  the  direction  of  the  force  ia  changed  without  any 
nge  in  the  magnitude  (see  Fig.  72). 
If  it  is  free  and  the  two  parts  of  the  cord  are  parallel,  the  ten 
any  part  of  the  cord  is  (neglecting  friction  and  the  weight 
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of  the  cord)  equal  to  the  force  applied  at  its  free  end.  Hence  for 
equilibrium 

Q  =  2P 

If  the  weight  of  the  pulley  is  not  n^ligible  it  may  be  included  in 
Q.  This  formula  is  also  readily  found  by  the  principle  of  energy; 
for  each  unit  of  length  that  Q  moves  P  must  move  two. 

139.  Blodc  and  Tickle.  Several  pulle3rs  are  frequently  used  in 
combination  so  as  to  secure  higher  mechanical  advantages.  The 
most  common  arrangement  is  called  the  block  and  tackle.    The 


fiK, 
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Fig.  72. 


Fig.    73.     Block  and  tadde. 


pulleys  are  in  two  blocks  with  several  pulleys  in  each  block.  The 
fixed  end  of  the  cord  may  be  attached  to  either  the  upper  or  the 
lower  block;  if  to  the  former  there  will  be  an  equal  number  of 
pulleys  in  the  two  blocks,  as  in  the  figure;  if  to  the  latter,  there 
will  be  one  more  pulley  in  the  upper  block.  When  the  distance 
between  the  blocks  is  decreased  by  one  unit  of  length,  each  branch 
of  the  cord  in  contact  with  the  lower  pulley  must  shorten  one  unit 
of  length.    Hence 

Q  =  nP 

where  n  is  the  number  of  branches  of  the  cord  at  the  lower  block. 


SIMPLE    MACHINES.  t^Sj 

lU.  The  Diiferential  Pulley  or  Chain  Holat    In  this  the  upper  1 

ick  holds  Iwo  pulleys  of  different  diameters  fixed  rigidly  to  the 

ne  axis  while  the  lower  block  is   replaced  by  a 

iglc  pulley.    An    endless    chain   passes  over  the 

Ke  pulleys  as  shown  in  the  figure  and  is  pre- 

Bted  from  slipping  by  leeth  on  the  pulleys.    This 

essentially  a  modification  of  the  difiEerential  wheel 

id  axle  in  which  the  wheel  and  the  larger  part 

i  the  axle   have  the   same   radius.     The   relation 

Etw«n  P  and  Q,  which  may  be  worked  cot  indc- 

Eodently  or  may  be  obtained  by  putting  ^^r  in 

u  formula  of  §  137,  is 


lU,  The  Inclined  Plane.     A  force  less  than  the  weight  of  «  4 

ody  may  suffice  to  draw  the  body  up  an  inclined  plane.     Let  P  j 

ibe  force  and  IV  the  weigh!   (Fig.  750).     Also  let  h  be  the  I 

ght  and  /  the  length  of  the  plane.     When  the  body  has  been  J 


tw  up  the  whole  length  of  the  plane  the  work  done  by  P  (ne-  A 
Kting  friction)  will  be  PI  and  the  work  done  against  W  or  the  1 
^eise  of  potential  energy  will  be   IVh.    These  must  be  equat  ] 


■Ws  is  essentially  the  same  expression  as  already  found   (§  50)   I 
f  considering  the  component  of  W  down  the  plane.     If  friction  \ 


be  neglected  the  v 
•*  force  of  friction  and 
{P~F). 


irk  done  against  it  v 
the  above  equalic 


be  Fl  where  F  is  I 
P  must  be  replaced  \ 
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If  P  act  horizontally   (Fig.  75b)   the  work  done  hy  P  will  W 
°b.     Hence  (neglecting  friction) 

P       h 


142.  The  Strew.  The  thread  of  an  ordinary  screw  makes  a  con- 
stant angle  with  the  length  of  the  screw.  If  the  thread  of  a 
vertical  screw  were  supposed  unwrapped,  with  its  inclination  kept 
constant,  it  would  be  an  inclined  line.  The  pitch  of  a  screw  is 
distance,  parallel  to  the  length  of  the  screw,  between  consecutive 
turns  of  the  thread.  The  pitch  divided  by  the  outer  circumference 
is  the  tangent  of  the  inclination  of  the  thread  to  the  length  of 
the  screw. 

If  a  nul  carrying  a  heavy  weight  be  turned  around  a.  ver 

screw   BO   that    it   ascends,   the   process   will  be 

similar  to  forcing  a  heavy  body  up  an  inclined 
plane  by  a  horizontal  force.  In  the  jackscrew 
for  raising  heavy  bodies  the  nut  is  fixed  while 
the  screw  is  turned  by  a  lever.  The  useful 
work  performed  by  the  screw  in  one  turn  is  the 
product  of  the  resistance  it  overcomes,  Q, 
the  rise  in  one  turn  which  is  the  pitch  ft.  The 
work  done  in  the  same  time  is  the  product  of 
the  applied  force  P  and  the  circumference  2jtR 
of  the  end  of  the  lever  arm.  Equating  these 
would  give  us  a  relation  between  P  and  Q;  but  friction  i; 
general  so  large  as  to  render  the  relation  inapplicable. 


..  76.   J*'^ 


GRAVITATION. 
143.  Law  of  Universal  Gravitation.  Until  the  time  of  Newton 
the  weight  of  a  body  or  the  measure  of  its  tendency  to  fall  to  the 
earih  was  generally  regarded  as  an  inherent  property  of  matter 
that  needed  no  further  explanation.  To  Newton  (and  to  some  of 
his  contemporaries)  it  occurred  that  the  weight  of  a  body  on 
surface  of  the  earth  is  due  to  a  force  of  attraction  between  the 
body  and  the  earth  and  that  this  attraction  is  only  a  particular 
case  of  a  universal  attraction  between  all  bodies  no  matter  where 
situated.     Newton  then  sought  to  discover  the  law  that  such  a 
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fmt  moaSd  Iutc  to  foDow  to  accooM  for  the  facts,  bow  il  wmtM 
iin  to  depend  on  tbc  masses  of  the  bodies  and  their  distance 
^ait.  Now  it  was  not  possibk  for  him  10  change  the  distance 
bOwtea  a  bodj  and  the  oeotrr  of  the  earth  by  aeir  except  an  ex- 
cmEnglT  small  proportion  and  the  force  between  two  bodies  of 
ordinaiT  ^^  <™  ^^  surface  of  the  canh  was  so  small  that  it 
Boped  detection  until  a  much  tater  date.  Hence  be  turned  his 
aitentiaa  to  the  motion  of  the  moon  and  the  planets. 

Before  the  time  of  Nen-ton,  Keptcr  had,  by  a  very  extensive  and 
painstaking  study  of  the  motions  of  the  planets,  arrirnl  at  certain 
hws  known  as  Kepler's  Laws.    These  may  be  slated  as  follows : 

I.  The  areas  swept  over  by  a  line  joining  a  planet  to  the  sun  are 
proportional  to  the  times. 
3.  Each  planet  moves  in  an  ellipse  in  one  foots  ol  which  the  sun 
situated. 

3.  The  squares  of  the  periods  of  revolution  of  the  planets  are 
proportional  to  the  cubes  of  the  tnajor  axes  of  the  ellipses. 

From  these  taws  Newton  showed  that  the  motions  of  the  planets 
could  be  accounted  for  on  the  supposition  that  between  each  planet 
and  the  sun  there  is  a  force  of  attraction  proportional  to  the 
product  of  the  masses  and  inversely  as  the  squares  of  their  dis- 
tances apart. 

Newton  also  showed  that  if  we  suppose  that  there  is  a  force 
according  to  this  law  between  every  two  particles,  a  sphere  that 
is  either  homogeneous  or  may  be  regarded  as  made  up  of  shells 
each  of  which  is  homogeneous  will  attract  an  outside  body  as  if  the 
■phere  were  concentrated  at  its  center.  The  earth  is  verj-  nearly 
such  a  sphere  and  must,  therefore,  according  to  the  law  of  gravi- 
tation, attract  (approximately)  as  if  concentrated  at  its  center. 

144.  HotioQ  of  the  Moon.  As  evidence  for  the  law  of  gravita- 
tion Newton  showed  that  it  correctly  accounts  for  the  motion  of 
loon.  At  the  surface  of  the  earth  a  body  is  attracted  by  the 
earth  as  if  the  latter  were  concentrated  at  its  center.  Now  tlic 
fadius  of  the  earth  is  approximately  4.000  miles  and  the  average 
'Value  of  the  acceleration  of  a  falling  body  may  be  taken  as  32.2 
feel  per  sec".  The  distance  of  the  moon  from  the  earth,  which  is 
Somewhat  variable,  may  be  taken  as  approximately  240,000  miles 
60  times  the  radius  of  the  earth.    Hence,  according  to  the  lav^ 
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of  {Cavitation,  the  acceleration  of  a  body  at  tbe  distance  of  At 
niuon  due  lo  tlie  earth's  attraction  should  be  52JI/60*  or  jxAh  & 
iwr  iec. 

The  acceleration  A  of  the  moon  towards  the  earth  (§  32)  equals 
t^/K.  The  ]>orinJ  of  rotation  of  the  moon,  also  slightly  %'3riabk, 
li  nhoul  a?  days,  8  liours.  Calling  this  T  we  have  v=  {2wR/T). 
Hence  0=  (4ir'R)/7'  or  reducing  R  to  feet  and  T  to  seconds 
a  e=  ,00896.  This  value  of  A  calculated  from  the  observed  period 
of  the  moon,  agrees  as  closely  with  the  preceding  value,  deduced 
from  the  law  of  gravitation,  as  could  be  expected  when  the  fact 
I*  considered  that  only  approximate  values  for  the  various  con- 
stants have  been  used.  The  argument  must  be  considered  very 
Strong  evidence  for  the  law  of  gravitation. 

145.  Force  of  OraviUtion  Proportional  to  Uaas.  According  to 
the  law  of  gravilalion  the  aitraclion  between  two  bodies  is  pro- 
portional to  their  musses  and  is  independent  of  the  materials  of 
which  they  consist.  One  proof  of  this  was  given  by  Galileo  when 
he  dropped  two  cannon  balls  of  different  sizes  from  the  leaning 
tower  of  Pisa  and  found  that  they  reached  the  ground  in  very 
nearly  Ihe  same  lime.  Their  accelerations  being  equal,  the  ratio 
of  the  force  lo  the  mass,  must,  according  to  the  second  law  of 
motion,  be  llie  same  for  both.  Yet  in  Galileo's  experiment  the 
larger  weight  was  slightly  ahead  of  the  smaller,  and  Galileo  cor- 
rectly explained  this  difference  by  remarking  that  the  air-friction 
would  he  proportionately  less  on  the  larger  body.  In  fact,  because 
of  this  air  friction  and  the  rapidity  of  the  motion,  it  would  be 
difficult  to  give  a  very  convincing  proof  of  the  law  by  means  of 
bodies  faUing  with  the  full  acceleration  due  to  gravity. 

To  avoid  this  difficulty  Newton  cjcperimented  with  a  pendulum, 
ihc  motion  of  which  depends  on  gravity  but  on  a  fraction  only  of 
the  full  force  of  gravity,  namely,  the  component  along  the  arc  of 
vibration.  The  bob  of  the  pendulum  was  a  thin  shell  and  into 
this  he  put  in  successive  experiments  different  substances.  In 
each  case  the  same  weight,  as  tested  by  weighing  with  a  balance, 
was  put  into  the  box  and,  since  the  force  of  air-friction  on  the 
box  for  the  same  amplitude  of  vibration  would  be  the  same  no 
matter  what  the  contents  of  the  box,  it  followed  that  at  a  given 
inclination  to  the  vertical  the  force  causing  the  motion  would  be 
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sivrays  ihe  same.  He  found  that  the  time  of  vibration  was  always 
tht  same  no  matter  what  the  contents  of  the  box  and  hence  the 
masses  must  also  have  been  the  same;  that  is,  equal  masses  of 
different  substances  have  equal  weights.  TTiese  experiments  were 
afkrward  repeated  by  Bessel  with  much  greater  care  and  with 
&t  same  result. 

The  above  experiments  prove  that  gravitattoo  is  not,  like  tnag- 
neiic  attraction,  a  force  that  depends  on  some  quality  of  a  body 
oiber  than  its  mass,  that  is,  not  a  selective  force  but  a  general 
force.  That  it  does  not  depend  on  any  other  physical  condition 
such  as  temperature,  or  on  any  chemical  condition  such  as  molecu- 
lar combination,  has  also  been  shown  by  most  careful  weighing. 
A  third  body  placed  between  two  tmdies  has  not  the  least  effect  in 
shielding  ihem  from  their  mulual  attraction.  The  fact  that  a 
loTDp  of  gold  when  hammered  out  into  an  exceedingly  thin  sheet 
suffers  no  change  of  weight  shows  that  the  weight  of  a  body 
does  not  depend  on  its  form,  that  gravity  acts  on  the  particles 
whether  surrounded  by  other  particles  of  the  same  kind  or  not. 
116.  Th«  Constant  of  OraTitatloo.  The  law  of  gravitation  may 
l«  stated  as  a  formula,  viz.  ^^ 


where  C  is  a  constant  number  called  Ihe  constant  of  gravitation. 
To  find  the  magnitude  of  G  it  is  necessary  to  measure  P  in  some 
case  where  m,  m'  and  r  are  all   known. 
This  was  first  done  by  Heniy  Cavendish  .'p-, 

797-8  and  the  experiment,  tisually 
called  the  Cavendish  experiment,  has 
been  repealed  many  times  since  with  in- 
creasing care  and  accuracy.  Cavendish  sus- 
pended two  balls  A  and  B  from  the  ends  of 
a  long  light  horizontal, rod  which  was  sup- 
ported by  a  long  fine  wire  attached  to  the 
middle  C  of  the  rod.  On  opposite  sides 
equal  distances  he 

of  lead  P  and  Q.    The  attraction  between 
ent  large   sphere  had  a  moment  about  C 


© 


@ 
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of  this  and  at  known 
placed  two  large  spheres 
each  ball  and  the  adjac 
Ihat  produced  a  twist  of  the  supporting  wire.     When  the  spbeiu 
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were  in  the  positioa  PQ„  (be  twist  was  in  one  direction  and 
wbcn  they  were  in  tbe  positioa  P^,  the  twist  was  in  the  opposite 
directioiL  To  dei&Kc  tbe  force  of  attractraa  from  the  magnitude 
of  tfae  twist  the  consUitt  of  torsioo  of  tbe  wire  (§  1 19)  had  to  be 
found  bjr  timing  vibrations  of  tbe  wire  when  tbe  spheres  were  in 
tfae  positioa  P,Q,  where  they  bad  no  inflaeoce  on  the  vibration  of 
AB.  Thus  F,  M,  m'  and  r  were  found  and  when  they  were  sub- 
stituted in  the  above  formula  the  value  of  G  was  obtained. 

In  mote  recent  work  the  appantos  hu  been  Eieatly  improved.  The 
gicaleat  JtnpToveiDent  has  been  in  tbe  substation  of  very  Gne  qnarti  thread 
for  the  wire.  This  aUo  permitteii  of  the  apparatus  bdng  greatly  reduced 
in  size,  so  that,  whereas  AB  in  Caresdish't  ezperiment  was  6  ft.  long,  in 
Boys'  apparatus  it  was  oniy  .9  inch,  and  the  masses  A.  B.  and  P.  Q,  were 
also  greatly  reduced  in  siie.  The  value  obtained  for  C  (using  C.G.S.  units) 
was  C,6579  X  lo**:  Ibis  is.  therefore,  the  force  in  dynes  of  the  attraction 
between  ^hercs  of  one  gram  each  at  a  distance  of  1  cm.  between  their 
centers.  When  it  is  remembered  that  a  dyne  is  about  the  weight  of  ■ 
milligram,  it  is  seen  that  the  force  measured  in  (he  above  eiperimenls  must 
be  cjiKcdingly  small ;  henee  the  difficult)-  of  Ihe  experiment 

147.  The  Uean  Density  of  tlie  Eartb.  The  determination  of  G 
made  it  possible  to  calculate  ihe  mass  of  the  earth  (hence  Caven- 
dish is  sometimes  said  to  have  been  the  first  to  "  weigh  the  earth  "). 
For  if  m'  in  the  formula  for  the  law  of  gravitation  be  put  equal 
to  one  gram  and  m  and  r  be  taken  as  respectively  the  mass  and 
radius  of  the  earth,  P  will  be  the  force  of  attraction  between  the 
earth  and  a  body  of  I  gm,  mass  and  this  is,  as  we  know,  980  dynes. 
Tlitis  1I1C  formula  gives  us  the  value  of  hi,  the  mass  of  the  earth, 
which  is  found  to  be  3.17  X  ^o"  g^'S.  This  figure  is  so  large  as 
to  convey  no  distinct  meaning-,  but  a  different  way  of  stating  the 
result  will  be  more  easily  comprehended.  The  density  of  a  homo- 
geneous body  such  as  water  is  its  mass  per  unit  volume,  and 
when  the  density  of  a  body  is  not  everywhere  the  same  we  may 
speak  of  its  mean  density  or  its  whole  mass  divided  by  its  whole 
volume.  Thtis  to  get  the  mean  density  of  the  earth  we  divide 
its  whole  mass,  as  given  above,  by  its  whole  volume.  The  result 
is  5.527,  that  is  to  say,  on  ihe  average  the  earth  is  5.527  times  as 
dense  as  water.  It  is  remarkable  that  Newlon,  on  what  evidence 
we  cannot  now  conjecture,  supposed  the  mean  density  of  the  earth 
irt  be  between  5  and  6. 


Ill 


.  The  Tides.  At  any  place  on  the  shore  of  an  ocean  ihe  level 
of  Ihc  water  rises  to  a  maximum  and  falls  to  a  minimum  once  in 
about  every  twelve  hours  and  25  minutes.  These  risings  aiiJ 
fallings  are  called  the  lidfs.  They  are  due  to  the  forces  of  attrac- 
tion which  the  moon  and  the  sun  exercise  on  the  water  on  the 
surface  of  the  earth  and  to  the  rotation  of  the  earth.  The  com- 
(ikic  explanation  of  their  action  is  extremely  difficult,  owing  to 
the  irregularities  of  the  continents  and  to  other  causes. 


119.  Fnndamental  and  Derived  Units.  The  measurement  of  any 
i|iiaiility  consists  in  comparing  it  with  a  unit  of  the  same  kind  (g  2). 
Thus  a  length  is  measured  by  comparing  It  with  a  unit  of  length, 
such  as  the  foot  or  meter ;  a  velocity  is  measured  by  comparing 
it  with  a  unit  of  velocity,  such  as  a  foot  per  second  and  so  on. 
Hence  we  need  as  many  units  as  there  are  different  kinds  of 
ijuan titles  to  be  measured. 

But  all  these  necessary  units  are  not  necessarily  independent. 
It  is  found  that  in  Mechanics  three  independent  or  fundamcntai 
units  are  suflicienl ;  all  others  can  be  defined  in  terms  of  these.  A 
Unit  defined  by  reference  to  some  other  unit  or  units  is  called  a 
icrivcd  unit. 

150.  Absoluts  STstems  of  Units.  A  system  of  units  in  which 
the  derived  units  bear  the  simplest  possible  relation  to  the  funda- 
mental units  is  called  an  absolute  system.  In  such  a  system  the 
unit  of  area  or  surface  is  the  square  of  the  unit  of  length,  the  unit 
of  volume  is  the  cube  of  the  unit  of  length,  the  unit  of  velocity 
is  3  velocity  of  unit  length  per  unit  time  and  so  on.  Given  any 
ihrce  fundamental  units  of  length,  time  and  mass,  we  can  build 
up  an  absolute  system  of  derived  units.  Thus  we  have  one  abso- 
lute system  founded  on  the  cm.,  gm,  and  sec.,  another  founded  on 
the  ft.,  lb.  and  sec,  and  so  on. 

151.  Dimensions  of  Units.  It  is  ftotnclimes  necessary  la  translate  re- 
tulU  from  one  absolute  ayatem  to  another.  Il  then  becomes  neccsiary  to 
consider  bow  the  mienitude  of  a  derived  unit  changes  wben  the  funda- 
mental units  are  changed.  For  this  purpose  wc  need  (0  know  the  dimen- 
■ioni  of  the  derived  unit,  thai  is  the  powers  of  the  fundamental  units  to 

B«4ich  the  derived  unit  is  proportional.     For  inElancc  Ihc  unit  of  area  is 
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ihc  Ecjuare  of  (he  unit  of  length,  or  area  is  of  a  dimeDsions  in  IcdbIIi, 
a  stalenienl  briefly  suminariicd  by  the  dimensional  jOTmula  Ml  =  [L]*; 
similarly  using  (Vol)  for  the  unit  of  volume  IVol]  ==  [L]'. 

152.  DlroenElons  of  Velocity.  The  unit  of  velocity  is  defined  ii 
of  the  unit  of  length  and  the  unit  of  time.  To  find  the  dim 
these  units  consider  any  relation  between  velocity,  length  and  time  s 
as  J  :=  i>{  ({19).  This  la  a  relation  between  numerical  measures  (la), 
but  it  implies  cerlaia  relations  between  the  nnits  used  in  measuring  these 
quantities ;  both  sides  mu9t  be  of  the  same  dimensions  in  fiindamenlal 
units,  or  they  could  not  be  equal.  Hence  if  we  denote  the  unit  of  velocity 
by    [n.    {L-\^[VnT\    or    [f ]  =  [LJCr]-'.      Thus    velocity    i 

153.  Dimensions  of  Acceleration.  Consider  any  relation  between  ac- 
celeration length  and  time,  such  as  i  =1  }iit'.  From  this  by  the  line 
reasoning  explained  in  the  last  section  we  derive  at  once  IL]  =  iAUTV. 
Hence  [A"]  =  [LJCrj"^.  The  sigii  of  equality  in  such  expressions  den 
equality  of  dimensions.  Cotislant  numerical  factors  (such  as  the  J  above) 
are  of  lero  dimensions,  that  is,  They  do  not  change  when  we  change  the 
fiuidamcntal  units. 

15i.  Otlier  Derived  TTnltB.     The  above  examples  sufGcienlly  explain  the 
method  by  which  Ibc  following  table  is  derived. 

T*DLE   Of    DEStVEO    UNITS    USID    IH    MeCBAMICS. 


Linear  velocity,  p                        1  ~vt  (LKT)-' 

Linear  acceleration,  o                 j  =  iai"  (DCr)-" 

Angular  velocity,  w                     *  =  w(  {r)-* 

Angular  acceleration,  a               ^  :=  Jat*  (T)-* 

Force,  f                                      F  =  ma  (.Di.T'i-'i.M)           dyne 

Moment  of  Force,  L                  L  =  Fp  Ct)'{r)-'(M) 

Moment  of  Inertia,  /                  /  =  mf*  (£•)'(«) 

Work,  W                                    W=Ft  (L)'{r)-'(W)           erg 

Kinetic  Energy,  E.                K.E.  =  imii"  {L)HT)-'(M)          erg 

Potential  Energy                       P£.  =  Ft  tL)'(.T)-'(.U)            erg 

166.  Examples  of  Use  of  Dimensional  Kelatlons.    Where   a   derived 

unit  has  no  particular  name  its  dimensional  formula  is  a  suBicienI  name. 

Thus  the  unit  of  acceleration  has  no  special  name  and  10  units  of  accelera- 
tion in  the  C.  G.  S.  system  is  written 


A  frequent  use  of  dimensional   relations  is  in  changing  the  measi 
quantity  from  one  absolute  system  of  units  to  another.      For  example,  the 
acceleration  of  gravity  is  980  — ^,  what  is  it  in      ^-^!     Suppose  il 
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Another  use  of  these  rclatJoni  is  in  letting  the  accunc?  of  complicaied 
(DTinalas.  The  two  sides  of  tb(  equation  must  be  of  the  satne  dimeRsion* 
or  Ihey  could  not  stand  for  the  same  thing. 


PAOPEBTIES  OF  HATTEB. 
CoiiBtitiition  oi  Hatter. 


^K  156.  In  the  preceding  chapters  on  the  principles  of  Mechanics, 
•  »e  have  had  (with  slight  exceptions)  to  consider  matter  from  but 
one  point  of  view,  namely,  its  inertia.  The  forces  that  the  par- 
ticles of  a  body  exert  on  one  another  did  not  need  to  be  considered 
(or  they  cancelled  out  when  the  action  of  the  body  as  a  whole  was 
WisideKd. 

We  shall  now  consider  other  important  properties  of  matter, 
dally  those  which  depend  on  the  forces  between  particles.    It 
l«iil  be  seen  that  the  connections  between  these  properties  are  not 
JM  well  understood  as  the  relations  between  the  quantities  studied 
\  ta  Mechanics,     This  is  chiefly  because  the  ultimate  particles  of  a 
body  are  so  small  that  they  cannot  be  studied  separately.     In  fact 
we  can  only  infer  their  existence  and  relations  from  the  proper- 
ties they  exhibit  in  large  groups. 

157.  The  Three  States  of  Matter.     Following  popular  language 

«f  classify  bodies  as  solids  and  fluids.     The  characteristic  of  a 

I       loUd  is  that  it  has  a  definite  shape  which  it  does  not  readily  relin- 

^^  ^uish.  while  a  fluid  flows  easily  or  changes  its  shape  in  response  to 

H  tfae  smallest  influence.     (It  will  be  seen  later  that  the  distinction  is 

^F  But  quite  definite,  that  some  bodies  he  on  the  borderland  between 

~    Ihe  two  classes.)    The  panicles  of  a  sohd  are  held  in  (practically) 

fitted  positions  by  the  forces  between  them,  but  each  particle  has  a 

Iffedom  to  vibrate  about  its  mean  position  (see  §  161). 

Fluids  are  divided  into  liquids  and  gases.    The  peculiarity  of  a 
liquid  is  that,  while  it  readily  flows,  it  has  a  definite  volume  which 

tildoes  not  readily  change.  A  gas  yields  to  the  smallest  force  ex- 
tried  to  change  its  volume,  in  other  words,  it  has  no  definite  volume 
Hits  own,  but  takes  the  volume  of  the  containing  vessel  however 
hrge.  (This  distinction  also  is  only  general.)  The  particles  of  a 
Bquid  arc  close  together  and  attract  each  other  with  powerful 
c 
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forces.  These  forces  react  strongly  against  outside  forces  that 
tend  to  change  the  mean  distance  between  the  particles,  but  they 
are  such  as  to  permit  sliding  motions  of  the  particles.  The  par- 
ticles of  a  gas  are  practically  separate  bodies  flying  in  space  and 
exerting  no  appreciable  forces  on  one  another  except  at  impact 
of  particle  on  particle. 

158.  Elements  and  Oomponnds,  In  innumerable  cases  two  or 
more  substances  coalesce  to  form  a  new  substance  that  may  be  so 
distinct  in  all  its  properties  that  nothing  apparently  remains  to 
suggest  the  constituents  from  which  it  was  formed.  Thus  two 
substances,  oxygen  and  hydrogen,  gaseous  under  ordinary  condi- 
tions, combine  to  form  a  liquid,  water.  Harmless  substances  may 
on  combination  form  deadly  poisons  or  explosives.  Substances 
that  may  be  made  from  constituents  which  have  properties  distinct 
from  the  resultant  are  called  compounds. 

Conversely,  compounds  may  be  divided  up  into  constituents 
difTering  widely  from  the  original  substance  and  these  constituents 
may  be  themselves  capable  of  being  resolved  into  other  constitu- 
ents. But  there  are  many  substances  which  have  not  as  yet  been 
resolved  into  constituents  and  such  are  called  elements.  Of  these 
there  are  about  80  known. 

159.  Molecules  and  Atoms.  Many  facts,  chiefly  such  as  are 
more  closely  studied  in  chemistry,  justify  the  belief  that  (i)  an 
element  consists  of  very  small  particles  called  atoms,  (2)  all  the 
atoms  in  one  elementary  body  are  identical  in  size  and  other  prop- 
erties, but  different  from  those  of  any  other  elementary  body,  (3) 
these  atoms  are  combined  in  similar  groups  called  molecules  (in 
some  substances  the  atom  and  the  molecule  are  identical).  It  is 
also  believed  that  a  compound  consists  of  molecules  and  that  each 
molecule  consists  of  two  or  more  atoms  of  the  constituents  of  the 
compound.  There  is  also  much  reason  to  believe  that  in  many 
substances,  especially  liquids  and  solids,  molecules  are  frequently 
combined  to  form  groups  or  molecular  aggregates  of  two  or  more 
molecules  each. 

Molecules  and  atoms  are  extremely  small  and  will  probably 
never  be  separately  visible  however  much  optical  instruments  may 
be  improved.  Thus  in  a  cubic  centimeter  of  a  gas  under  ordinary 
conditions  there  are  about  4  X  10"  molecules. 
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160.  Intermolecolar  Forces.  It  is  evident  from  the  great  forces 
necessary  to  pull  a  solid  body  apart  that  there  are  comparatively 
gr«at  forces  between  particles;  but  the  ease  with  which  a  brilUe 
body  falls  apart  when  a  slight  cra<;k  appears  shows  that  the  forces 
are  only  appreciable  when  the  attracting  particles  are  very  close 
tt^ether.  The  latter  point  is  also  shown  by  the  fact  that  a  body 
reduced  to  powder,  e.  g.,  the  graphite  of  which  lead  pencils  are 
made,  can  only  be  changed  back  into  a  compact  solid  by  intense 
pressure. 

Roughly  speaking,  it  may  be  said  that  the  force  of  molecular 
attraction  is  inappreciable  at  distances  greater  than  about  TOtAino 
or  rv^mfis  'ich.  The  magnitude  and  the  range  of  the  inter- 
molecular  forces  are,  of  course,  different  for  substances  and  the 
diaracteristic  properties  of  different  substances  probably  depend 
on  these  differences. 

161.  Kinetic  Tbeory  of  Matter.  There  is  very  strong  evidence 
that  the  particles  of  which  t>odies  are  made  up  are  in  no  case  at 
tKt    Thus  two  different  gases  contained  in  two  different  vessels 

.  with  great  rapidity  when  the  vessels  are  put  in  communication. 
This  process  is  called  diffusion.  Liquids  will  also  diffuse  into  one 
Mother  (except  non-miscible  liquids  like  oil  and  water)  though 
much  more  slowly  than  gases  because  of  the  greater  closeness  of 
the  particles  and  the  frequent  changes  of  direction  of  vibration  of 
i  particle  produced  by  impact  on  other  particles.  Even  many 
(olids  show  by  diffusion  that  their  particles  are  not  at  rest;  thus 
when  a  small  block  of  gold  is  placed  on  a  block  of  lead  with  planed 
lorfaces  in  close  contact,  after  the  lapse  of  some  weeks  it  is 
possible  to  detect  particles  of  gold  which  have  wandered  into  the 
lead  and  vice  versa.  There  are  many  other  reasons  for  believing 
that  the  particles  of  matter  arc  in  all  cases  in  motion.  This  hy- 
pothesis is  called  the  hypothesis  of  the  kinelk  conslitiitioH  of 
maHer. 

162.  Density  and  Specific  Oravity.  The  density  of  a  body  is  its 
mass  per  unit  volume.  If  the  masses  of  all  equal  volumes  of  the 
body  are  the  same  the  density  is  uniform  and  equal  to  the  mass  in 
Mij  unit  of  volume.  If  the  masses  of  equal  volumes  are  not  the 
*ame,  the  density  is  not  uniform.  The  mean  density  in  any  par- 
ticular volume  of  the  Ixidy  is  the  mass  in  that  volume  divided 
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the  volume.  The  density  at  a  point  is  the  mean  density  in  a  small 
volume  enclosing  the  point  when  the  volume  is  supposed  to  be 
decreased  without  limit 

The  measure  of  the  density  of  a  body  depends  of  course  on  the 
units  of  mass  and  volume  employed.  If  the  C.  G.  S.  system  be 
employed  density  is  the  number  of  gms.  per  c.c.  In  this  system  the 
density  of  water  at  4**  C.  is  very  nearly  unity,  since  the  gram 
was  originally  intended  to  be  the  mass  of  i  c.c.  of  water  at  4^  C. 
In  the  British  system  the  density  of  a  body  is  the  ntunber  of  lbs. 
per  cu.  ft  of  a  body.  In  this  system  the  density  of  water  is 
62.4,  since  that  is  the  number  of  lbs.  in  a  cu.  ft  of  water. 

The  specific  gravity  of  a  body  is  the  ratio  of  its  density  to  that 
of  some  standard  substance.  The  standard  usually  employed  is 
water  at  4**  C.  Thus  if  2?  be  the  density  of  a  body  and  d  that  of 
water  at  4**  C.  the  specific  gravity  of  the  body  is  D/d.  Now  in 
the  C.  G.  S.  system  d  is  very  nearly  unity.  Hence  in  this  system 
density  and  specific  gravity  are  practically  identical.  But  in  the 
British  system,  since  d  is  62.4,  the  specific  gravity  of  a  body  is 
its  density  divided  by  62.4;  if  we  have  the  specific  gravity  of  a 
body  to  get  its  density  we  must  multiply  by  624. 

PROPERTIES  OF  SOLIDS. 
163.  Homogeneity  and  Isotropy.  A  homogeneoiui  body  is  one 
which  has  at  all  points  the  same  properties,  so  that  small  spheres 
of  equal  radii  cut  out  of  different  parts  of  the  body  would  be 
identical  in  properties.  Many  crystals  are  nearly  perfectly  homo- 
geneous and  so  too  is  good  glass  such  as  plate  glass  or  the  glass 
of  lenses.  Many  other  bodies  are  approximately  homogeneous, 
such  for  example  are  most  metals,  wood,  stones,  etc. 

In  making  these  statements  we  have  been  supposing  that  the  spheres, 
which,  taken  from  different  parts,  are  identical,  are  of  ordinary  dimensions, 
not  of  microscopic  or  smaller  dimensions.  We  can  of  course  conceive  of 
spheres  so  small  that  they  are  of  the  dimensions  of  molecules,  and,  tested 
by  such  spheres,  all  bodies  would  no  doubt  show  differences  of  properties 
at  different  points. 

An  iflotropic  body  is  one  which  has  at  any  point  the  same  prop- 
erties in  all  directions,  so  that  if  at  any  point  a  sphere  were  cut 
out  there  would  be  nothing  in  the  properties  of  the  sphere  to 
indicate  the  original  direction  of  any  diameter.    All  liquids  and 
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gases  are  isotropic  under  ordiBarr  coodhiaiu  but  a 
such  as  crj-stals,  woods  and  draim  metals,  are  1 
isotropic, 

164.  Elasticit7.  When  the  shape  or  voltnue  of  a  9o6d  is  c 
by  the  application  of  some  force,  there  is  m  n 
to  return  to  the  original  shape  or  Tolome  w1>en  thb  force  is  re- 
moved. This  tendency  to  recOTcr  from  distorliaB  ia  eaBtd  tit- 
ticity.  It  is  one  of  the  most  important  properties  of  a  sofid  bbcc 
the  usefulness  of  many  bodies  such  as  spriafs,  rnirical  mstn- 
ments,  etc.  depends  on  the  extent  to  wfaich  tbcy  poncsa  thii 
property.  It  is  therefore  a  property  that  has  been  very  exiensiTdy 
studied. 

165.  Stnis.  Any  change  of  shaff  or  of  volmmt  or  of  both  it 
colled  a  strain.  Thus  the  bending  of  a  beam,  ibe  twutiBf  of  a 
rod,  the  compression  of  a  liquid  or  a  gas  into  a  *™"'*^  ToiaBie  are 
strains.  The  term  strain  is  a  geooietrical  oae  and  its  drinition 
contains  no  reference  to  force  or  energy,  aUbotigfa.  as  we  shall 
see.  force  and  energy  are  present  when  a  hotly  is  in  a  state  of 

A  strain  that  consists  in  a  change  of  thape  onJy  vitboct  any 
change  of  volume  is  called  a  shear,  since  this  b  the  kind  of  dis- 
tortion that  a  pair  of  shears  produces.  The  strain  of  a  ovMieratelj 
Iwistcd  wire  or  rod  is  a  shear. 

A  strain  that  consists  in  a  change  of  volume  only  witboot  any 
change  of  shape  has  not  received  any  spedal  name  but  wc  may  for 
brevity  call  it  a  volume-strain.  Such,  for  exanqile,  i>  the  strain 
of  a  sphere  of  cork  or  of  any  isotropic  body  when  fdaced  in  a 
fluid  which  is  subjected  to  great  pressure  in  a  closed  resscL 

While  for  simplicity  we  have  first  enumerated  strains  in  which 
cither  volume  or  shape  alone  changes,  strains  which  involve 
changes  of  both  are  more  common.  Thus  the  stretching  of  a  wire, 
the  compression  of  a  pillar,  the  bending  of  a  beam,  etc.,  are  strains 
of  both  volume  and  shape.  A  body  is  said  to  be  homogeneously 
strained  or  the  strain  is  described  as  homogeneous  when  the  na- 
ture and  magnitude  of  the  strain  is  the  same  at  all  points  in  the 
body.  Thus  when  a  wire  is  stretched  or  a  rod  compressed  and 
when  a  liquid  or  gas  is  subjected  to  pressure,  the  strain  is  homo- 
geneous. But  when  a  wire  or  rod  is  twisted  the  strain  is  great- 
.  est  at  the  surface  and  least  at  the  center,  and,  when  a  beam  is 
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bent,  there  is  a  stretching  on  the  convex  side  and  a  compression 
on  the  concave  side  and  the  strain  is  heterogeneous. 

166.  StTflBB.  When  a  body  is  in  a  state  of  strain  owing  to  tlic 
action  of  external  forces  on  it  there  are  internal  forces  between 
contiguous  parts  of  the  body  in  addition  to  whatever  internal 
forces  there  may  have  been  before  the  strain  occurred.  If  at  » 
point  a  dividing  plane  be  imagined,  the  part  of  the  body  on  one 
side  will  act  with  a  certain  force  on  the  part  on  the  other  side 
and  the  latter  will  react  with  an  equal  and  opposite  force.  These 
two  forces  together,  ihc  action  and  the  reaction,  constitute  a  tlresi. 
In  sonic  cases  as  we  shall  see  the  stress  is  perpendicular  to  the 
imaginary  dividing  plane  and  in  others  parallel  to  it,  but  in  any 
case  Ike  magnitude  of  the  stress  is  the  force  per  unit  area  of  such 
an  imaginary  dividing  plane. 

The  terms  homogeneous  and  heterogeneous  apply  to  stress  just 
as  to  strain.  In  many  cases,  for  example  in  the  stretch  of  a  wire 
by  an  attaching  weight,  the  stress  in  a  body  is  equal  to  the  ex- 
Icrnnl  force  per  unit  area  that  acts  on  the  body  and  produces 
strain,  and  in  such  eases  we  may  speak  of  this  external  force  per 
unit  of  area  as  the  stress.  In  other  cases,  as,  for  example,  in 
the  bending  of  a  beam  by  a  weight  acting  at  some  point,  the 
stress  does  not  bear  a  simple  relation  to  the  external  force  and  we 
must  lake  care  to  distinguish  them. 

167.  The  Measure  of  a  Strain  and  of  a  Streaa.  A  strain  which 
consists  in  a  change  of  volume  only  is  measured  by  the  proportion 
in  which  the  volume  is  changed.  Tf  the  strain  is  homogeneous  the 
measure  may  be  taken  as  the  change  in  unit  volume,  or  if  a  volume 
y  becomes  {V  +  v)  the  measure  of  the  strain  is  v/V.  If  the 
strain  is  not  homogeneous  the  measure  of  the  strain  at  any  par- 
ticular point  is  the  value  of  v/V  at  the  point  when  V  is  taken  as 
the  volume  of  an  indefinitely  small  portion  surrounding  the  point 
To  produce  this  change  of  volume  force  must  be  applied  to  the 
surface  of  the  solid  in  the  form  of  either  a  pressure  or  a  ten- 
sion, and  inside  the  body  each  part  will  press  or  puU  on  each 
neighboring  part.  The  amount  of  this  pressure  or  pull  per  unit 
area  is  the  measure  of  the  stress. 

The  measure  of  a  shear  will  be  most  readily  understood  by  con- 
sidering the  simplest  way  in  which  a  shear  may  be  produced.  ' 
Consider  for  example  a  rectangular  block  of  a  firm  jelly  between 
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^4h>  boards  lo  which  it  adheres.  Let  PQRS  be  one  rectangular 
face  and  PQ,  RS  the  edges  of  the  boards.  Apply  lo  the  boards 
e<(ua!  and  opposite  forces  parallel  to  them  and 
lo  the  face  PQRS.  The  face  PQRS  is 
cbinged  to  the  form  P^Q^RS.  Each  section 
o!  the  block  parallel  to  the  boards  moves 
parallel  to  itself  a  distance  proportional  to  its 
distance  from  RS.     Each  of  the  right  angles 

of  PQRS  is  changed  by  the  same  amount,  say 

9,  and  this  change  is  the  measure  of  the  shear. 

When  fl  is  small,  as  it  is  in  most  practical  cases,  the  magnitude 

of  ihe  angle  6  in  radian  measurement  is  P^P-~PS,  or  taking  PS 

equal  to  unity,  the  relative  motion  of  two  planes  unit  distance 

apart. 
If  an  imaginary   plane   be  supposed   drawn   anywhere   in   the 

Uock  parallel  to  the  boards  the  part  on  one  side  of  this  plane  will 

|"ert  a  tangential  force  on  the  part  on  the  other  side  and  this 
force  will  equal  the  force  applied  to  the  boards.  The  magnitude 
M  Ike  force  per  unit  area  is  the  measure  of  the  shearing  stress. 

While  we  have  referred  only  to  the  forces  parallel  to  PQ  and  RS  it  is 
fltar  ihsl  Ihc  shear  cannot  he  produced  without  other  forces  applied  lo  the 
l>lotli.  If  only  ihc  two  force*  described  were  applied,  Ihe  block  would  not 
^  al  t«l  but  in  roUlion  since  the  two  constitute  a  coup;<.  The  effect  is 
rr^ily  perceived  when  the  allempt  is  made  lo  apply  the  two  opposite  forces, 
''  is  in  fact  necessary  to  also  apply  other  forces  forming  an  opposite 
founter balancing  couple  say  along  SP,  and  Q^R.  The  effect  of  all  four 
(orcts  is  to  produce  a  stretch  along  RP,  and  a  compression  Q,S  and 
™  proportional  stretch  is  equal  to  the  proportional  eompresBJon,  nnce 
llitre  it  DO  change  of  volume. 

168.  Hooke's  Law.  When  any  body  is  strained  beyond  a  certain 
Amount  and  then  released  it  fails  to  return  completely  to  its  origi- 
nal form  and  volume  or  it  retains  a  permanent  set.  The  largest 
strain  of  any  kind  which  a  body  may  undergo  and  still  com- 
pletely recover  from  when  released  is  called  the  limit  of  elasticity 
for  that  form  of  strain  and  the  corresponding  stress  is  called  Ihe 
limiling  stress.  The  limit  of  elasticity  is  of  course  widely  dif- 
ferent for  different  substances.  Thus  rubber  may  be  greatly  ex- 
lended  and  yet  recover,  while  the  limit  for  glass  and  ivory  is  very 
I  Wiall.  (Cases  in  which  the  limit  is  somewhat  indefinite  will  be 
asidered  later.) 
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Within  the  limit  of  elasticity  a  simple  law,  first  stated  by  Hooke 
is  1676  and  known  as  Hookers  law,  holds  namely,  "stress  is  pro- 
portional to  strain"  (Hooke's  statement  in  Latin  was  "Ut  tensio 
sic  vis").  Hooke  illustrated  his  law  by  various  cases  of  strain, 
such  as  the  stretching  of  a  spiral  spring,  and  of  a  wire,  the  bending 
of  a  beam,  the  twisting  of  a  wire  and  so  on. 

169.  Moduli  of  Elasticity.  While  elasticity  has  already  been  de- 
fined as  the  tendency  of  a  body  to  recover  its  shape  or  volume 
when  distorted,  the  definition  is  purely  qualitative  and  affords 
no  means  of  assigning  a  numerical  value  to  the  elasticity  of  a 
substance.  A  quantitative  definition  of  the  elasticity  of  a  sub- 
stance for  any  form  of  strain  follows  from  Hooke's  law.  The 
measure  or  modulus  of  elasticity  is  the  ratio  of  the  magnitude  of 
the  stress  to  that  of  the  accompanying  strain,  this  ratio  being  a 
constant  within  the  limits  of  elasticity.  As  there  is  a  great  variety 
of  forms  of  strain  there  is  a  correspondingly  large  number  of 
moduli  of  elasticity  for  any  substance;  but  only  a  few  of  these 
are  important  enough  to  be  enumerated. 

When  the  strain  is  one  of  volume  only  the  elasticity  is  called 
elasticity  of  volume.  The  modulus  of  elasticity  of  volume  or  the 
hulk-modulus,  as  it  is  frequently  called,  is  the  ratio  of  the  stress, 
or  the  pressure  per  unit  area,  P,  to  the  change  of  volume  per 
unit  volume.  The  bulk  modulus  of  a  substance  is  usually  denoted 
by  k.  Hence  if  a  volume  V  undergoes  a  change  of  volume  v  and 
the  stress  is  P 

V  V 


The  reciprocal  of  the  bulk  modulus  is  called  the  coefficient  of 
compressibility  of  the  substance.  It  means  the  ratio  of  the  pro- 
portional compression  to  the  pressure  per  unit  area,  or  supposing 
the  latter  to  be  unity,  the  coefficient  of  compressibility  is  the  ratio 
in  which  the  volume  is  reduced  by  unit  pressure  per  unit  area. 

When  the  strain  is  a  shear  the  modulus  of  elasticity  is  called 
the  shear  modulus,  or  often  the  simple  rigidity,  and  is  the  ratio 
of  the  shearing  stress  to  the  shear.  Denoting  the  shearing  stress 
by  T,  the  shear  corresponding  to  T  by  0  and  the  shear  modulus 


170.  Tondon.     When  a 
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t  rod  of  bomogeneous  isolropie  mBtcrial 
is  Iwislcd.  wc  may  imagtoE  the  whole  length  divided  into  tran&rerse  slices 
of  eijual  ibicUness  by  planes  perpendicular  to  the  axis. 
Each  such  slice  will  be  rotated  about  the  axis  to  an 
mteot  proportional  lo  its  distance  from   the  lixed  end. 
Uoreovcr  one  face  of  each  slice  (lie  one  farlbest  from 
the   fijted    end)    will    be    rotated    more    than    the    other. 
Let  us  now  suppose  that  each  slice  is  very  Ihin,  and 
thai  il   is  divided   up  before  twisting  into   very   small 
cubes  (or  nearly  cubes)  by  a  series  of  imaginary  planes 
through   tli«   ajcis   intersected   by   concentric   cylinders. 
Tlius   each    cube    wiU   bave    four   edges   paraUel    lo    1 
arcs,    four  others   in    the   direction   of   radii    while    I 
remaining    four   will    be    short    and   practically    sicaight  '^ ' 

axes  of  drties.     After  the  IwisI  each  cube  will  have  a        ^^^^°-  ^^^^^  ^^^^^ 
stiain  like  the  cube  of  jelly  in  1  167.     Hence  the  slrain       j,,  g  tv,iBicd  witt 
is  «  shear  hut,  since  Ihe  strain  of  each  cube  will  be 
proportional  to  ila  distance  from  the  axis,  the  strain  is  not  homogencoua. 

■  171.  Toimg's  UoduloB.  A  very  frequent  form  of  strain  is  thai 
mttf  a  unifoiw  wire  or  rod  whicli  is  clamped  at  one  end  and  is 
*  *cled  on  by  a  longiludinal  force  at  the  other  end.  Such  a  strain 
is  called  a  stretch.  Any  short  part  of  the  wire  is  extended  in 
ihe  same  proportion  as  the  whole  wire.  The  measure  of  the 
stretch  is  the  extension  per  unit  length  or,  denoting  the  un- 
stretched  length  of  the  wire  by  L  and  the  total  extension  by  /,  the 
stretch  is  l/L.  The  measure  of  the  stress  is  the  external  pull 
per  unit  of  cross- sectional  area.  Denoting  by  P  the  whole  force 
applied  to  one  end  and  by  a  the  cross-sectional  area  of  the  wire 
the  pull  per  unit  area  anywhere  in  the  rod  due  to  the  force  P  is 
P/ffl,  which  is,  therefore,  the  measure  of  the  stress.  The  value  of 
^Dung's  modulus  which  we  may  denote  by  M  is  therefore  (P/a) 
^{l/L)  or 
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laterials  the  average  values  of  M   -. 
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The  reciprocal  of  M  is  sometimes  called  the  coefficient  of  ex- 
tensibility and  is  evidently  equal  to  the  proportion  in  which  the 
length  is  increased  by  unit  longitudina]  force  per  unit  area  of 
cross- section. 

172.  Voltune  Obonses  when  ft  Wire  la  Stretched.    When  a  wire  or 

roil  is  strelclitiJ  tlicri:  is  obviously  a  chnnge  of  shape  in  every  part  of  Ibe 
wire  or  rod.  for  Ihc  length  is  increased  while  ihe  cross-section  is  decreased. 
Whether  a  change  of  volume  also  occurs  can  only  I*  determined  by  a- 
periment.  If  Ihe  cross-section  diniioisbes  in  the  same  proportion  as  that 
in  which  the  length  increases,  there  is  no  change  of  volume;  whereas  if 
the  proportion  in  which  the  length  increases  exceeds  thai  in  which  the 
croia-iection  diniiniahea,  there  is  an  increase  of  volume.  Careful  experi- 
ment shows  that  in  all  cases  there  is  an  increase  of  volume;  but  in  some 
«ubilance«.  e.  g.,  India  rubber,  the  ■change  of  volume  is  very  small. 

173.  Flexure.  A  very  common  strain  closely  related  to  stretch- 
ing is  (hat  of  a  plank  supported  at  both  ends  and  carrying  a  load 
at  the  middle,  or  supported  at  the  middle  and  loaded  at  each  end, 
or  clamped  horizontally  at  one  end  and  loaded  at  the  other  end. 

^  A  little  consideration  will  make  it  clear 
that  in  these  cases  we  have  to  do  with 
stretches  and  shortenings  such  as  those 
already  discussed.  If  we  suppose  the 
plank  divided  into  a  large  number  of 
longitudinal  strips,  the  strips  on  the  con- 
vex side  arc  stretched  by  the  bending, 
while  those  on  the  concave  side  are 
shortened.  There  must  of  course  be  an 
intermediate  surface  where  there  is 
neither  stretch  nor  compression  and  this 
surface  is  called  the  neutral  surface. 
The  extension  or  compression  of  any  strip  is  proportional  to  its 
distance  from  the  neutral  surface.  Thus  the  strain,  while  not 
homogeneous,  is  everywhere  of  the  nature  of  an  extension  c 
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m  and  Young's  modulus  is  the  only  modulus  invoIvoL  I 
1  bar  of  lenglh  /,  breadth  b  and  depth  d  be  supported  at  both  J 
b  and  be  subjected  to  a  perpendicular  force  F  at  the  middle  the  | 
Session  produced  is  FF/^ibif. 

P?!.  Direct  Impact  of  Elastic  Bodies.    When   two  bodies   in 
1  collide  each  exerts  a  momentary  force  on  (he  other  and 
therefore,  suffers  a  change  of  velocity.     The  result  is  difii- 
Itto  calculate  except  in  certain  simple  cases. 

When  the  bodies  are  uniform  spheres  and  are  moving  before  I 
:t  along  the  line  joining  their  centers,  the  result  can  be  calcu- 
Lct  the  masses  be  m  and  m'  and  the 
velocities  before  impact  n  and  »',  and  sup-  *         ~* 

pose  that  both  are  in  the  positive  direction  and  (^        Q 

ii>«'.     After  the  impact  m'  will  be  moving  m  m' 

[aster  than  m.  Let  the  velocity  of  m  after 
impact  be  v  and  let  that  of  »i'  be  v".  Then 
t'>i'.    During   the    short   time   of    contact 

each  body  exerts  a  force  on  the  other  and.  by       *' — *      ^- >       I 

the  Third  Law  of  Motion,  these  forces  are  at  /nQ  CV' 
moment  equal  and  opposite.  These  forces  i.-,a,  si.  uuiiunot 
act  for  the  same  length  of  lime  and  must  •i>h"ei  htion  ind 
:rtfore  produce  equal  and  opposite  changes 
momentum.  Hence  the  total  momentum  after  impact  ctjuals 
total  momentum  before  impact  or 


tnv  +  m  V  = 


(■) 


If  the  problem  be  to  find  the  velocities  after  impact  this  cqu^ 
I  will  not  sufHce,  since  it  contains  two  unknown  quantities  f  and 
A  second  relation  between  v  and  v'  was  discovered  expcri- 
itally  by  Newton.  He  found  that  for  given  materials  the  ratio 
the  speed  of  separation,  {i/  —  v),  to  the  speed  of  approach, 
— «'),  is  a  constant,  which  is  (at  least  very  nearly)  indepen- 
of  the  masses  and  velocities  of  the  bodies  and  depends  only 
their  materials  and  the  direction  of  the  grain  if  Ihcy 

lie.    This  constant  ratio  is  called  the  coefficient  of  restilu- 
Dcnodng  it  by  e,  we  have 
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O  —  t/^  — e(u  —  «')  (a) 

From  ( I )  and  (2)  v  and  v"  can  be  calculated  For  simplicity 
in  establishing  these  equations  we  chose  the  case  in  which  all  the 
velocities  are  in  the  positive  direction,  but  they  are  algebraic  equa- 
tions applicable  to  all  cases.  In  applying  them  care  must  be  taken 
to  give  the  proper  signs  to  the  velocities. 

Some  simple  deductions  may  readily  be  drawn.  When  e  is  zero, 
as  it  very  nearly  is  for  such  soft  substances  as  putty  and  lead, 
we  see  from  (2)  that  v  and  t/  are  equal  or  the  bodies  do  not 
separate  after  impact. 

If  the  masses  of  the  spheres  be  equal  and  e^i,  the  spheres  will 
on  impact  exchange  velocities.  For  in  this  case  the  two  equations 
become 

„  +  !/  =  «  +  «' 

V  —  1/  =  —  «  +  <(' 

Hence  v^»'  and  v'  ^u  which  proves  the  statement. 

If  one  of  the  bodies,  say  m',  is  of  very  great  mass  compared  with 
the  other  and  is  initially  at  rest,  its  velocity  after  impact  will  be 
very  small.     Putting  both  u'  and  x/  equal  to  zero  in  (2)  we  get 


This  is  the  case  when  a  small  ball  is  dropped  on  a  very  large 
block.  Let  the  height  of  fall  be  H  and  the  height  of  rebound  A. 
Then  u^y/2gH  downward  and  f=  V^gA  upward.    Hence 

This  alTords  a  simple  experimental  method  for  finding  e. 

17s.  ObUqtie  Impact  of  Smooth  Sphersi.  The  impact  of  two 
spheres  is  described  as  oblique  when  the  spheres  are  not  moving 
before  impact  in  the  direction  of  the  line  through  their  centers. 
The  lines  of  motion  of  the  centers  before  impact  may  be  in  one 
plane,  as  when  two  equal  balls  rolling  on  a  plane  surface  im- 
pinge, or  these  lines  may  be  in  different  planes.    In  either  case 
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ire  may  resolve  the  velocity  of  each  ball  before  impact  into  two 
components,  one  in  the  direction  of  the  line  through  the  centers 
al  the  moment  of  impact,  the  other  in  a  direction  perpendicular 
to  that  line.  Only  the  first  component  will  be  affected  by  the  im- 
pact since  (the  spheres  being  supposed  frictionless)  the  only  force 
will  be  a  pressure  in  the  line  of  the  centers.  The  change  in  this 
component  may  be  calculated  as  in  the  case  of  direct  impact;  then 
by  compounding  this  component  for  each  sphere  after  impact  with 
tbe  unchanged  component  we  can  find  the  motion  of  each  sphere 
after  impact. 

When  a  smooth  ball  impinges  obliquely  with  ^ 

a  velocity  h  on  a  fixed  surface  in   a  direction 

i  making  an  angle  a  with  the  normal,  its  compo- 
nent vetocit)-  parallel  to  the  surface  is  u  sin  a 
>nd  perpendicular  to  the  surface  u  cos  a.  If  it 
rebounds  with  a  velocity  f  in  a  direction  making 
an  angle  b  with  the  normal,  the  components 
tieconie  v  sin  b  and  v  cos  6.  The  component  ,  n 
parallel  to  the  surface  is  not  changed  while  that 
pMpendictilar  to  the  surface  is  chang'cd  in  the  ratio  e 


Hence 


V  sin  t  = 


V  c03  b^eu  cos  a. 


Hence  by  dividing  corresponding  sides 

Uab^e  tan  a. 

Thus  the  direction  of  rebound  is  more  nearly  parallel  to  the  sur- 
face than  that  of  impact.  This  is  the  basis  of  a  method  thai  hai 
been  employed  for  finding  e. 

176.  Z<08B  of  Eaeigy  on  ImpacL  The  kinetic  energy  of  two 
Smooth  spheres  before  impact  and  that  after  impact  can  be  calctl- 
laled  from  their  masses  and  velocities.  The  total  kinetic  energy 
of  two  bodies  is  less  after  impact  than  before  (except  when  e  is 
unity)  and  other  forms  of  energy  such  as  heat  and  sound  arc 
produced. 

177,  Vibr&tion  of  Elastic  Bodies.  When  a  body  is  strained 
within  the  limit  of  elasticity  the  internal  stresses  tend  to  restore 
the  body  lo  its  original  condition.  When  released  from  the  ex- 
ternal deforming  force  the  body  vibrates  and,  since  the  restoring 
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forces  are  at  each  stage  proporttonal  to  the  distortion,  the  vibra- 
tions are  simple  harmonic  vibrations  of  a  constant  period  This, 
for  instance,  is  the  case  when  a  rod  firmly  clamped  at  one  end  is 
bent  and  released.  When  the  vibrations  are  sufficiently  rapid,  as 
is  the  case  of  the  prongs  of  a  steel  tuning  fork,  sound  is  pro- 
duced, and  the  ear  can  test  the  constancy  of  the  period  of  vibra- 
tion by  the  steadiness  of  the  pitch;  the  vibrations  gradually  die 
down,  that  is  the  extent  of  the  maximum  strain  in  each  vibration 
decreases,  yet  the  period  remains  unchanged  showing  that  within 
the  limits  of  vibration  the  stress  is,  so  far  as  the  delicate  sense  of 
hearing  can  detect,  accurately  proportional  to  the  strain.  A  tun- 
ing fork  can  be  made  of  any  metal,  of  wood  or  other  solid  sub- 
stance; and,  while  the  sound  may  in  many  cases  be  weak  and 
short-lived,  the  steadiness  of  pitch  while  it  lasts  is  an  excellent 
proof  of  Hooke's  law. 

178.  Strain  Beyoiid  the  EImUc  Umft  As  an  illustratitm  of 
what  happens  when  a  substance  is  strained  beyond  the  elastic 
limit,  that  is,  beyond  the  range  in  which  Hooke's  law  holds,  we 
shall  consider  the  stretching  of  a  wire.  When  a  force  that 
stretches  it  beyond  the  limit  is  applied  to  it  and  this  force  is 
steadily  increased,  it  elongates  in  greater  proportion  for  each 
successive  equal  increase  of  the  force.  As  the  force  is  increased, 
at  a  certain  strain,  called  the  yield  point,  a  very  rapid  increase  of 
strain  sets  in  at  some  point  of  the  wire,  and  the  strain  at  that 
point  continues  to  increase  even  if  the  force  is  not  increased  until 
at  last  the  specimen  "  necks  in  "  and  breaks.  Beyond  the  yield 
point  the  substance  flows  much  like  a  very  viscous  liquid.  If 
during  this  process  the  force  be  diminished  somewhat,  the  strain 
wilt  still  continue  to  increase  but  at  a  diminished  rate;  and,  when 
the  force  is  diminished  sufficiently,  the  strain  ceases  to  increase 
Ijcfore  breakage  occurs.  If  at  this  stage  the  applied  force  be 
removed  entirely,  the  wire  will  contract  somewhat  but  a  large 
permanent  set  will  remain.  The  wire  will  then  act  Uke  a  different 
wire  with  a  new  elastic  limit. 

179.  Elaatfc  After-effecta.  From  strain  within  the  elastic  limit 
the  strained  material  completely  recovers  in  time  and  there  is  no 
permanent  set;  but  frequently  the  immediate  recovery  on  removal 
of  the  iorce  is  not  complete  and  there  remains  a  small  temporary 
set   from   which   the  material  only  slowly  recovers.     This  slow 


SOLIDS.  127 

wcry  from  temporary  set  is  called  an  claslk  afUr-tgcct.  It  is 
I  by  rubber  and  glass  and  other  substances  which  consist 
ol  mixtures  of  diverse  molecules ;  but  crystals  and  quartz  threads 
do  not  show  ii. 

It  IS  readily  demonslrated  bjr  clamping  bolh  cods  of  a  rubber  cord  (used 
for  lim  of  small  wheels)  and  attaching  a  small  mirror  to  llie  middle  to 
leflcct  a  beam  gf  light  on  a  scale.  Socb  an  arrangemcni  will  show  a 
c  aftcT-eSect  due  to  successive  twists  in  opposite  directions. 


1 180.  Fatiffoe  of  Elastidtr.  The  vibrations  of  a  torsional  pcn- 
i  are  maintained  by  the  elasticity  of  the  wire;  they  slowly 
it  away  owing  to  air  resistance  and  internal  friction  in  the  wire. 
If  the  pendulum  be  by  some  means  kept  vibrating  a  long  time  and 
1  released,  [he  vibrations  will  die  away  more  rapidly  than  be- 
if  the  elasticily  had  become  somewhat  exhausted  by  pro- 
nged exercise.  This  fatigue  will  persist  for  a  long  lime  but  the 
n\\\  promptly  recover  after  being  heated  to  about  100°  C. 


L  UI.  mscellaneouB  Piopeities  of  Solids.  There  a 
solids  frequently  menlroned  which  are  c 
I  mess   to    make    it   possible    to    measure   i. 


•  many  mechanical 
t  yet  defined  with 
^m    but   which   call 


e  which  can  be  hammered  into  thin  sheets.     The 
is  gold  which  can  be  reduced  to  sheets  of  gold 
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A  dnetilo  substance  is  one  which  can  be  drawn  out  into  fine  wires.  Sil- 
*«  and  copper  are  very  ductile;  wires  less  than  i/iooo  inch  in  diameter  arc 
tidily  made  froni  these  melals.  By  healing  a  substance  until  it  is  semi. 
Iquid  and  then  dranting  it  out,  fine  threads  of  substances  not  ordinarily 
ductile  can  be  made.  Fine  tubes  and  threads  of  glass  are  obtained  tn  this 
■ly  and  fine  threads  of  guarli.  called  quartz  libers,  are  thus  made  for 
UK  in  suspensions  of  Galvanometers  and  other  instruments ;  they  enabled 
Buys  to  greatly  reduce  Cavendish's  apparatus  (9  146). 

A  pUvUc  substance  is  one  which  can  be  moulded  by  pressure.      Many 

mbstances   not   ordinarily   regarded  as  plastic   are   so   when   subjected   to 

eat  pressure  slowly  applied.     A  slick  of  sealing  wax  is  ordinarily  britllc 

,  suspended   horizontally   on   end   supports,'  it   will   slowly   yield   to   its 

pfht  and  bend.      All  metals  under  enormous  shearing  stresses  become 

The   impact   of   a   cannon   ball    on   armor-plate    will    sometimes 

a  splash  like  a  stone  dropped  in  water. 

P  A  Mable  substance  is  one  canly  reduced  to  powder  by  a  blow.     Glass, 

jmond  and  crystals  are  friable. 

term  used  in  difTerent   senses.      It  sometimes  means  the 
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jt'jIm  10  ihc  surface.  The  force  of  gravity  lousl  also  be  at 
ii^ht  angles  to  the  free  surface  of  a  liquid  at  rest  or  sliding 
rjhon  would  result.  Hcnee  the  free  surface  ol  a  liquid  at  rest 
.liuriiontal  unless  it  is  acted  on  by  some  olher  force  than  gravity 
mi  gas  pressure,  such  as  surface  tension  (which  wc  shall  con- 
ifkr  later )  or  magnetic  force  acting  on  a  magnetic  liquid. 
18i  PiGBStire  in  a  Fluid.  In  a  6uid  there  are  forces,  actions 
md  reactions  between  contiguous  parts  of  the  fluid.  These  forces 
j:c  due  to  several  causes.  The  weighl  of  the  upper  layers  of  the 
fluid  has  to  be  sustained  by  the  lower  layers  and  a  pressure  thus 
'Knits,  Force  on  the  surface  of  the  fluid,  if  it  be  completely 
"jclosed,  produces  a  pressure  in  the  fluid;  this  is  true  not  only  of  a 
k'iii  in  a  vessel  which  it  completely  fills  but  also  of  a  liquid  the 
jrface  of  which  receives  the  pressure  of  the  atmosphere  or 
iny  gas  above  the  liquid.  (Another  cause  of  pressure  in  a  fluid 
is  referred  to  in  §206.) 
The  total  force  exerted  by  a  fluid  on  any  surface  is  called  the 
1  that  surface.  The  thrust  per  unit  of  area  at  a  point  on 
K  surface  is  called  the  pressure  inlcnsUy  or  simply  the  pressure 
'  It  that  point.  The  pressure  over  a  surface  may  be  either  uniform, 
.,  the  same  at  every  point,  or  variable.  When  uniform  the 
prtMure  at  any  point  equals  the  force  on  any  unit  of  area ;  when 
rariablc  it  erjuals  the  average  pressure,  that  is,  the  force  on  an 
^ea  divided  by  the  area,  when  the  nrea  is  reduced  without  limit. 
Whatever  the  causes  of  pressure  in  a  fluid  the  pressure  at  a 
point  is  the  same  in  alt  directions,  that  is  to  say.  if  wc  suppose 
'"1  imaginary  surface  to  separate  llie  fluid  at  a  point  into  two 
parts  the  pressure  of  each  part  on  the  other  is,  as  we  have  already 
ipcn.  perpendicular  to  this  surface  and  it  is  also  the  same  no 
matter  bow  the  imaginary  surface  is  supposed  to  be  inclined.  This 
1^  nearly  obvious  from  the  mobility  of  the  fluid,  but  the  rigorous 
Koof  of  the  statement  is  not  difBcult. 

Let  0  be  the  point  consideied  and  Icl  RO  and  R'O  be  q      A 

<°v  two  diieciians  thtongh  O.  Around  O  suppose  a  Hinall 
1'tiitn  deccribed.  and  let  two  of  its  facei.  of  whicfa  AB 
"<i  AC  are  the  traces,  be  perpendicular  to  RO  and  R'O 
'Bpectivrly;  while  the  third  face,  of  which  BC  is  the 
'f«e,  is  equally  inclined  10  AB  and  AC.  and  let  ihe  ends 
'i  ihe  prism  be  planes  parallel  10  ABC.  The  fluid  within  the  prisi 
ttn  and  therefore   (neglecling   its  weight   for  a   reason  stated   lati 


thimti  on  >]]  tU  faon  form  a   tfUeia  at  forces  in  equilibrium.     H 
the  nun  of  the  compoDcnts  of  the  foreei  in  the  dircctioa  BC  equaU  ici 
Two  DDljr  of  the  throMi  hate  components  in  the  direction   BC,  aante 
tbote  on   AB   and  AC.    Lei  tbae  be  R  and   JT*   respectively.     They  a 
equally  inclined  to  BC.  and  if  each  makes  with  BC  the  acute  aDgtc  t, 

Rcot9  —  JfcosJ^o. 

Now  the  aieas  of  Ihe  faces  AB  and  AC  are  equal ;  suppose  each  il 
CanceUioK  cos  I  and  dividing  by  d  we  get 


H  we  now  suppose  the  prism  to  become  indefinitely  small,  R/a  becomes 
the  pressure  at  O  in  the  direction  RO  and  R'/a  becomes  the  pressure  at 
O  in  the  direction  R'O.  Since  RO  and  R'O  stand  for  any  directions 
through  O,  the  pressure  is  the  same  in  all  directions. 

As  staled  above  the  weight  of  the  prism  was  neglected.  As  the  prism 
diminished  without  limit,  the  weight  of  the  liquid  in  il,  which  is  pfopor- 
lional  to  the  cube  of  its  dimensions,  decreases  more  rapidly  than  (be  thrusts, 
which  are  proportional  to  the  squares  of  the  dimenuons :  each  time 
prism  is  reduced  to  one  half  in  Linear  dimensions  the  area  of  each  face  ia 
reduced  to  one  fourth  and  the  weight  of  the  contained  liquid  is  reduced  to 
one  eighth.  Hence  when  the  prism  is  taken  small  enough  the  weigbt  be- 
comes negligible  compared  with  tlie  thrusts, 

les.  FreBBnre  at  Different  Points  in  a  FlniiL  ( i )  Let  P  and  Q 
be  two  points  in  a  fluid  at  rest,  the  positions  of  the  points  being 
such  that  the  straight  line  FQ  is  horizontal  and  wholly  in  the 
fluid.  Consider  the  forces  acting  on  a  cylinder  of  the  fluid  de- 
scribed about  PQ  as  axis.  The  thrusts  on  the  curved  surface  of 
the  cylinder  have  no  components  in   the   direction   of  the  axis. 

^ Hence  for  equilibrium  the  thrusts  on  the  ends 

f^t^^Jr'^r^^^  must  be  equal  and  opposite ;  and,  since  the 
■^^:]Jr_-=-_-p^^.^^~  ends  are  of  the  same  area,  the  average  pres- 
sures on  the  ends  must  be  equal.  If,  now, 
the  radius  of  the  cylinder  be  supposed  in- 
definitely decreased,  the  average  pressures  on  the  ends  become  the 
pressures  at  P  and  Q,  which  must,  therefore,  be  equal.  Hence 
the  pressure  in  any  direction  at  P  equals  the  pressure  in  any 
direction  at  Q. 

(2)  Let  P  and  Q  he  two  points  in  a  vertical  line  wholly  in  a 
fluid  of  density  p.     Consider  the   forces   acting  vertically  on  x 
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cylinder  described  with  PQ  as  axis  and  of  unit  cross- 
sfction  (i  sq.  cm.).  If  the  depth  of  Q  below  P  be  A 
(cms.)  the  volume  of  the  cylinder  will  be  h  (e.c),  its 
mass  will  be  hp  (gms.)  and  its  weight  kpg  (dynes). 
If  p,  be  the  pressure  in  dynes  per  sq.  cm.  at  P  and  p, 
that  at  Q.  the  thrust  downward  at  P  will  be  />,  and 
Ihat  upward  at  Q  will  be  p..     Hence 


ES>-^ 
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nice  of  pressui 


(3)  Let  P  and  Q  be  any  two  points  in  the  fluid.  No  matter 
what  the  shape  of  the  containing  vessel,  P  and 
Q  can  be  connected  by  a  broken  line  made  up 
of  vertical  and  horizontal  steps.  Proceeding 
from  P  to  Q  there  will  be  a  difference  of  pres- 
sure A'pg  for  each  vertical  step  of  length  A', 
while  for  each  horizontal  step  there  will  be  no 
change  of  pressure.  Hence  the  total  difference 
of  pressure  between  P  and  Q  will  be  fp  X  (t^ic 
algebraic  sum  of  the  vertical  steps)  or,  if  the 
difference  of  level  of  P  and  Q  be  A,  the  differ- 
wiU  be  hpg. 

186.  Prewnre  in  a  Oae.  Since  the  density  of  a  gas  is  compara- 
lively  small,  the  difference  of  pressure  at  two  points  is  usually  so 
slight  as  lo  be  negligible;  but  this  is  not  the  case  if  h  be  very 
great.  Thus  in  a  vessel  containing  gas  the  pressure  may  be  re- 
garded as  everywhere  the  same;  but  the  pressure  of  the  air 
varies  greatly  as  we  ascend  to  great  heights  in  the  atmosphere  or 
descend  to  greal  depths  in  a  mine. 

187.  X7itit8  Employed  In  Oalcnlating  Fluid  FreBBnre.  In  estab- 
lishing the  formula  for  difference  of  pressure  at  different  depths 

namely, 

P.—P,  =  hs 

H  has  been  supposed  that  absolute  units  are  employed.  If  h 
p  in  gms.  per  c,c.  and  g  in  cm.  per  sec'  (about  980), 
p,  and  p,  will  be  in  dynes  per  sq.  cm. 

When  the  values  of  p,  and  p,  would  be  inconveniently  large  in 
absolute  units,  other  units  may  be  employed.     If  g  be  omitted,  p. 
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ii't  /I,  wilt  tie  in  gms.  wl.  per  aq.  cm.  and 


ThU  ('iniiula  may  ulw  be  used  to  calcuUle  the  prcasvre  in 

fOM   (i.wxj.fNKi  Kti».)   j)cr  sq.  tn.   {lofioo  m).  cm.)   if  k  be  HI 

nwitrii  (loo  cm,). 

Wlien  Brlllili  uniU  are  employed  the  weight  of  a  cjEnder  of  I 
•ij.  (I.  cro««-MctiDn  nnd  k  feet  in  length  ai>d  of  deojitj  p  (fe. 
|iir  null,  tl.)  Il  hfi  lli>.     llcncc,  t(  p,  am]  ^,  are  in  lbs.  wt.  persq.fL 


IBS.  inrfM*  of  Contact  of  Two  Fluids.    The  surface  of  coo- 

liicl  iif  Iwii  lliililn  iif  ililTcrcnt  densities  which  are  at  rest  and  6a 
iKil  iriU  iH  hiirixdiilnl.  Tliis  may  be  deduced  from  th«  principle 
lliiil  lor  'liililc  i.-ijiiilibriiim  the  potential  energy  of  a  system 
III-  Il  iiiliiiiiiiiiii  (g  It7),  If  any  part  of  the  denser  fluid  were  at 
a  higher  level  than  an  equal  part  of  the  less 
ilcnsc,  the  polenlial  energy  could  be  decreased 
by  interchanging  the  two.  Hence,  for  the 
potential  energy  to  be  a  minimum,  every  part 


(*ri  n(  inniioi  of  two  of  the  clcnaer  fluid  must  be  lower  than  any 
fliiM*  vanxiit  b*  111-  |,_.,p[  „f  ,1,^  |gj5  densc,  that  is,  the  surface  of 
contact  must  be  horizontal  with  the  denser 
1i(|uid  below.  Anollicr  proof  is  to  suppose  that  the  surface  could 
III"  Inclined,  a*  LM.  Let  P  and  Q  be  two  points  in  the  surface. 
Complete  0  rectangle  AQRP  with  vertical  and  horizontal  sides. 
Tbe  prcMure  ul  A  would  equal  that  at  P  and  the  pressure  at  Q 
would  cfiiml  thut  at  /'.  The  increase  of  pressure  from  A  Vo  Q 
would  equal  the  incrcnsc  from  P  lo  B  and  this  could  not  be  the 
i-a»c  unlet!  the  liquids  were  of  equal  density. 

A  particular  case  of  ihc  above  is  the  surface  of  contact  of  a 
liquid  with  the  atmospbcre  or  any  gas;  it  must  be  horizontal. 

In  both  proofs  it  has  been  assumed  that  gravity  is  the  only  force 
acting  on  the  panicles  of  the  fluids;  if  any  other  force  exist  the 
surface  may  not  be  horizontal.  In  any  case  it  is  at  right 
to  the  resultant  force. 

189.  Pascal's  Principle,    When  a  fluid  is  at  rest  the  difference 
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|sf  pmsurc  Itetwcco  two  points  depends  oaly  en  the  diffrrmcv  of 
IkiYland  the  density  (§  183).  Hence  if  tbc  prcsnuv  U  aay  point 
I  it  increased  tbe«  will  be  an  eqnal  increase  of  pnsnre  U  mtj 
IpDini  (provided  the  density  does  not  change  ipprccubly)  or  prrj- 
t»rt  is  equally  transmitted  in  ail  dirtctio*s.  Ttaa  is  Psscal's 
Ipincipic  of  the  transmissibility  of  prepare. 

Pascal's  principle  is  not  rigorously  Ime  for  a  compressible 
.  for  pressure  will  produce  a  change  of  density  of  1  com- 
KfRMJble  fluid.  Bat  the  compressibility  of  liquids  is  so  small  that 
M'bt  principle  is  practically  true  for  all  liquids.  Gases  are  moch 
I  lure  compressible,  but  their  densities  under  ordinary  circtnnslances 
0  small  that  the  pressure  in  a  moderate  \-oIunic  is  creiywhere 
Ifraciically  the  same  and  the  principle  is  practicallj  ixwe  for 
'  gases  also. 

190.  The  HydranHc  Pran.  In  the  hydraulic  press  PascaTs  prin- 
>^iplc  i;  applied  to  obtain  a  ^reat  force  by  the  exertion  of  a  rcla- 
rivdy  jmal)  nn^.     !r  "-on^tst?  of  a  large  cylinder  and  piston  (or 


ugcr)  and  a  small  cylinder  and  piston,  the  two  cylinders  being 
uiected  by  a  tube  and  filled  wilh  some  liquid.  Let  the  area  of 
e  large  piston  be  5  and  that  of  the  small  one  s.  If  the  pressure 
Bthe  liquid  is  p  the  thrusis  on  the  pistons  are  pS  and  ps  respec- 
rely,  and  these  are  in  the  ratio  oi  S  :  s.  Hence  a  small  external 
srce  applied  to  the  small  piston  will  enable  the  large  piston  to 
t  a  relalively  great  external  force.     The  arrangement  is  indi- 
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,  the  ratio  of  the  density  of  (he 
It  Aeanty  of  an  tcebei^  be  taken 
1,016  the  fraclion  of  the  icebet^ 


of  the  inotion  of  a 
r  10  the  fact  that 
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I  we  may  treat  a  solid  as  a  whole  without  regard  to  the  actions 
between  its  parts,  the  discussion  oj  the  motion  of  a  fluid  is  ren- 
fcred  difficult  by  the  readiness  with  which  any  part  of  the  fluid 
bnges  its  shape,  and  we  cannot,  therefore,  without  the  use  of 
Idvanced  mathematics  treat  of  any  except  a  very  few  and  simple 

3  of  the  motion  of  fluids. 
I  When  a  fluid  moves  either  in  an  open  stream  or  in  a  closed 

,  the  continual  change  of  shape  of  each  part  is  opposed  by 
Btema]  friction  between  these  parts,  and  to  maintain  the  motion 

e  external  force  must  be  applied  to  the  fluid.     The  most  com- 

,  causes  of  motions  of  fluids  are  gravity  as  in  the  case  of  a 
rirer,  pressure  applied  to  some  part  of  the  boundary  of  the  fluid 
a  in  the  case  of  water  pumped  through  a  system  of  piping,  and 
the  motion  of  solids  in  contact  with  the  fluid  as  in  the  case  of  a 

193.  Hotdon  of  Rnids  in  FipeB.  When  the  pressure  on  a  fluid 
m  a  tube  is  greater  at  one  end  than  at  the  other  a  flow  ensues. 
When  the  pressure  is  first  applied  the  motion  begins  with  an 
acceleration,  but  after  a  time,  if  the  pressures  at  the  ends  are  kept 
constant  and  tlie  supply  of  fluid  is  maintained,  a  steady  state  of 
notion  ensues  so  that  at  each  part  of  the  tube  the  motion  is  con- 
slanL  The  simplest  case  is  when  the  tube  is  of  constant  cross- 
section  and  the  fluid  is  practically  incompressible,  that  is,  a  liquid. 
In  this  case  the  volume  of  fluid  passing  all  cross-sections  of  the 
pipe  is  the  same  throughout,  and  the  rate  of  flow  is,  therefore, 
the  same  at  each  cross-section.  The  motion  is  from  places  of 
higher  pressure  to  places  of  lower  pressure.  If.  however,  the 
fluid  be  compressible,  while  the  motion  at  a  point  remains  steady 
and  the  mass  that  passes  every  cross*scction  is  necessarily  the 
same  as  that  which  enters  the  pipe,  the  volume  of  flow  is  variable; 
for  where  the  pressure  is  greater  ihe  fluid  is  compressed  into  a 
smaller  volume,  and  where  Ihe  pressure  is  less  the  fluid  is  not 
so  much  compressed.  Thus  the  speed  of  the  fluid  particles  is  on 
the  whole  greater  in  the  parts  of  the  pipe  where  the  pressure 
is  less,  that  is,  the  further  along  the  stream  we  go. 

When  a  liquid  flows  through  a  tube  of  variable  cross- section, 

llie  pressure  at  the  ends  being  constant,  the  mass  that  passes  each 

cross-section  is  the  same  but  the  rate  of  motion  of  the  particles 

^Ejncrcases  as  the  stream  comes  to  a  contraction  of  the  tube,  and 
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decreases  again  as  the  stream  comes  to  an  expansion  of  the  tube. 
Now  an  increase  of  velocity  or  an  acceleration  necessarily  means 
a  smaller  pressure  ahead  than  behind,  and  a  decrease  of  velocity 
necessarily  means  a  larger  pressure  ahead  than  behind  Thus  in 
a  contraction  (or  "  throat ")  the  pressure  is  smaller  than  immedi- 
ately before  or  behind,  the  amount  of  difference 
being  dependent  on  the  rate  of  flow  through  the 
tube  and  the  cross-section  at  the  throat  and  at 
either  side.  Similar  considerations  apply  to  the 
flow  of  gas  through  a  pipe  of  variable  cross-sec- 
tion, but  this  case  is  complicated  by  the  changes  of  volume  due 
to  changes  of  pressure. 

194.  Examples  of  the  Above.    This  principle  is  the  basis  of  a  common 

method  of  gauging  the  flow  of  water  through  pipes  (the  Venturi  meter). 
The   adjacent  figure  represents   (in  section)   a  glass   tube  that  passes 

tightly  through  a  wide  cork  and  a  second  cork  through  the  center  of 

which  a  pin  is  stuck.     When  air  is  blown  through  the 

tube  the  lower  cork  is  not  repelled  but  is  attracted  (the 

pin    prevents    side    motion).    The    air    increases    its 

speed   to   pass   through   the   small   space  between   the 

corks,   hence  its  pressure  diminishes   and   atmospheric 

pressure    pushes    the    corks    together.     Various    other 

pieces  of  apparatus  such  as  the  atomizer,  the  ball  nozzle  Fxg.  90  a. 

and  the  injector  act  on  the  same  principle. 
The  curvature  of  the  path  of  a  rotating  base  ball  or  tennis  ball  is  due 

to  a  difference  of  pressure  on  the  opposite  sides  of  the  balL     Suppose  the 

ball  had  no  translatory  motion  but  had  a  motion  of  rota- 
tion while  a  current  of  air  blew  on  it  as  indicated  in  the 
figure.     The  rotating  ball  would  carry  air  around  with 

Oit.    At  A  the  two  air  motions  would  conspire  and  at 
B  they  would  be  in  opposition.    Hence  the  velocity  of 
B  the  air-particles  would  be  greater  at  A  than  at  B  and 

the  pressure  at  B  would  therefore  be  greater  than  that 
Fig.  90.     "Curve"       ^*  ^  ^^^  result  being  a  force  on  the  ball  in  the  direc- 
of  a  base  ball.         tion  BA,     The  same  result  follows  when  the  ball  is 

moving  through   air  otherwise  at  rest,  and  the  path 
curves  toward  the  side  of  less  pressure. 


ill 


196.  Work  Done  by  a  Piston.    When  a    == 
piston  of  area  a  moves  a  distance  d  along  a 
cylinder  against  a  pressure  p  (per  unit  area)     ^'''-  ^''  ^"^^  ^  '  ^"^°- 
it  exerts  a  force  pa  through  a  distance  d,  and  therefore  does  work 
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;  and  since  ad  is  ihe  volume,  v,  ihrough  which  the  piston  has 
red,  the  work  it  does  is  pv. 

a.  fluid  contained  in  an  ciclctuibic  vessel  <foi  ex 
a  gas  in  a  rubber  bag)  incrcaseji  in  volume  by  ai 
1  V  work  is  done  by  Ibc  fluid.  If  Ihc  pressure  p  \: 
Dostanl  (or  if  the  expansion  is  very  slight)  the  wort  I 
■  pv.  For  each  small  pari  AJ  o(  the  surface  of  the 
acts  like  a  small  piston  of  area  Ai  wbicb  movea 
a  small  volume  Ai>.  The  whole  work  i<  the  sum 
'  t&r  for  all  the  small  pislons  and  Ihia  sum  is  pv. 

Conversely  to  compress  a  Huid  work  must  be  done  on  it  and  the 
nciuni  of  work  is  pv  where  p  is  the  pressure  (supposed  con- 
tant)  and  v  the  decrease  of  volume. 

196.  Tiflcoflity.  A  fluid  offers  no  permanent  resistance  lo  forces 
lending  to  change  its  shape;  it  yields  steadily  lo  the  smallest  dc- 
fotming  force.  But  the  rate  of  yielding  is  different  for  different 
Bnids,  that  is,  different  fluids  offer  different  traiuifHl  resistances 
lo  deformation.  This  transient  resistance  is  called  interna)  fric- 
liscosily.  Thus  a  very  viscous  liquid  such  as  glycerine  or 
lar  flows  much  more  slowly  Ihrough  a  tube  or  down  an  incline 
t^aa  water  does,  and  such  a  flow  consists  in  a  continuous  change 
o'  shape  of  each  part  of  the  liquid.  The  internal  forces  are  what 
behave  called  stresses,  and,  since  the  strain  is  a  change  of  shape 
*'y.  the  stress  must  be  a  shearing  stress. 
CoDfiider,  as  an  example,  the  motion  of  a  stream  flowing  down 
very  gentle  incline  under  the  force  of  gravity.  The  motion  is 
Itater  near  the  surface  than  at  Ihe  bottom.  A  small  cube  ABCD 
>ith  sides  vertical  and  horizontal  will,  by  the  motion,  be  changed 
form  abed.  The  liquid  above  AB  exerts  a  force  in  the 
direction  AB.  on  the  upper  face  of  ihe  cube,  and  the  liquid  below 
— ^_^^_^_  CD  exerts  a  resisting  force  on  the  face  CD 
*j — ?    ^^  in  Ihc  direction  CD.     These  two  forces  con- 

I I    ^_j  ititute  a  shearing  stress.     A  similar  descrip- 

^  °    *"  lion  applies  to  a  small  cube  of  a  liquid  flow- 

>.  93.    shiating  of     i^g  jn  any  manner  whatever.    Very  extensive 

""  experiments  have  shown  that  the  ratio  of  Ihe 

Aearing  stress  to  Ike  rate  of  shear  is  a  constant  for  any  one 

'.,  the  value  of  the  constant  being  different  for  different  fluids. 

fhis  is  ihe  fundamental  and  very  simple  law  of  fluid  friction.     ^ 
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The  constant  ratio  of  the  shearing  stress  in  a  fluid  to  its  rate 
of  shear  is  called  the  coefficient  of  viscosity  of  that  fluid. 

A  concrete  case  will  make  this  definition  clearer  and  will  lead 
to  another  very  common  way  of  stating  the  definition.  Suppose 
that  the  space  between  two  large  parallel  plates  is  filled  with  the 
fluid  under  consideration  and  let  one  plate  be  moving  parallel  to 
the  other  with  a  velocity  v.  Experiment  (as  stated  later)  shows 
that  the  fluid  in  contact  with  the  plates  does  not  slip  along  the 
faces  of  the  plates  but  adheres  to  them.  The  moving  plate  will 
A  ^^  in  a  very  short  time  t  move  a  distance  Vt,  and 
^V;^-a;^:?^,?g^f p  if  the  distance  between  the  plates  be  d,  the 
r^  ^j^         shear  produced  in  the  time  /  will  be  Vt/d, 

^^^'  '*•  Hence  the  rate  of  shear  is  V/d.    If  the  area 

of  each  plate  be  A  and  the  force  applied  to  move  the  upper  plate 
be  F,  the  shearing  stress  will  be  F/A.  Hence  denoting  the  co- 
efficient of  viscosity  by  /i  we  have 

F/A 


^-v/d 
or 

/^  =  M-    ^ 

If  now  we  suppose  A,  V  and  d  to  be  each  unity,  F  will  be  equal 
to  /A.  Hence  we  have  the  following  definition  of  /i:  The  coeffi- 
cient of  viscosity  of  a  fluid  is  the  tangential  force  on  unit  of  area 
of  either  of  two  horisontal  planes  at  the  unit  distance  apart,  one 
of  which  is  fixed  while  the  other  moves  with  the  unit  velocity, 
the  space  between  them  being  filled  with  the  viscous  material 
(Maxwell). 

197.  Measurement  of  Coefficients  of  Viscosity.  The  most  com- 
mon method  of  finding  fi  is  by  measuring  the  flow  of  the  fluid 
through  a  tube  of  very  small  bore  (or  so-called  capillary  tube). 
The  motion  of  the  fluid  in  such  a  case  (provided  the  velocity  does 
not  exceed  a  certain  magnitude)  is  analogous  to  the  slipping  of 
the  tubes  of  a  small  pocket  telescopes  through  one  another.  If 
we  imagine  the  fluid  divided  into  a  very  large  number  of  thin 
cylindrical  shells,  the  motion  consists  of  the  slipping  of  shell 
through  shell ;  hence  the  resistance  encountered  is  internal  fric- 
tion or  viscosity.    Let  p  be  the  difference  of  pressure  per  unit  area 
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al  llie  two  ends  of  tlie  tube  (supposed  horizontal),  I  the  length  of 
the  tube,  &nd  r  its  radius.  It  has  been  shown  theoretically  and 
experimentally  that,  when  the  fluid  is  a  liquid,  the  volume  that 
Rows  out  of  the  tube  in  unit  time  is 

This  formula  also  applies  to  a  gas,  if  p  be  very  small,  but  if  ^  be 
targe  the  formula  must  be  modified  to  allow  for  the  compressi- 
bility of  the  gas.  In  the  theoretical  proof  of  the  above  formula 
it  is  assumed  that  no  slipping  of  the  fluid  along  the  surface  of  the 
tube  takes  place,  and  the  agreement  of  theory  and  experiment 
confirms  this  assumption. 

198.  Tlie  Explanation  of  Viscosity.  Viscous  resistance  to  Quid  molion 
fcsembles  (riclion  between  solids  in  certain  respecls,  and  in  other  resgiecll 
Tbe  iwo  arc  very  dilTcrcnt.  Boih  arc  forces  that  appear  only  as  resistaoces 
Id  relative  motion ;  they  are,  therefore,  non-conacrvative  forces  and  energy 
E[>eal  in  doing  work  against  them  is  changed  into  heat.  Bui,  while  the 
friction  I>etween  solids  is,  through  a  considerable  range  oF  velocity,  inde- 
[wndent  of  the  velocity,  the  resistance  due  to  viscosity  is  cinctly  propor- 
lionil  to  velocity  through  the  widest  range  in  which  experimental  teals 
have  been  made.  This  points  to  a  fundamental  difference  in  Ihe  nature 
of  the  resistance  in  the  two  cases. 

There  are  many  strong  reasons  for  believing  that  the  particles  of  fluid 
tre  In  rapid  motion  and  are  not,  like  the  particles  of  solids,  confined  to 
CRIain  positions.  If  now  we  imagine  two  layers  of  a  fluid  in  relative 
tngtion.  so  that  one  is  passing  another,  lihe  one  railway  (rain  passing  ■ 
MContI,  it  is  evident  that  particles  from  each  layer  must  be  continually 
nocsiiig  the  boundary  into  Ihe  Other  layer.  The  particles  of  the  more 
rapidly  moving  layer  that  cross  the  boundary  carry  their  larger  momentum 
with  them  and  thus  produce  a  gradual  increase  of  the  velocity  of  the  second 
layer.  At  the  same  time  particles  of  the  latter  layer  penetrate  into  the 
(armer  and  by  taking  up  momentum  diminish  the  velocity  of  that  layer. 
The  rtault.  on  the  whole,  is  a  tendency  of  the  two  layers  to  come  to  the 
tame  velocity,  and  this  is  exactly  what  we  mean  by  a  resistance  to  relative 
motion.  In  the  case  of  gases  this  explanation  may  be  regarded  as  fully 
cM»bti«bed ;  for  ihe  formulas  to  which  it  leads  by  mathematical  methods 
■re  (Cri&ei]  by  experiment.  It  has  not  yet  been  found  possible  to  work 
001  the  maihemntical  rcEulls  in  Ihe  case  of  liquids,  but  there  is  no  reason 
lo  doubt  that  the  explanation  is  equally  applicable  to  the  latter. 
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199.  Compressibility  of  Liqiiids.  While  the  shear-modulus  of 
any  liquid  is  zero  the  bulk-modulus  is  usually  large,  that  is  the 
pressure  on  a  liquid  must  be  greatly  increased  to  produce  much 
diminution  of  volume.  The  coefficient  of  compressibility  of  a 
liquid  (§  169)  is  therefore  small.  Measurements  of  the  compres- 
sibilities of  liquid  are  made  by  subjecting  the  liquids  to  great 
pressures  in  a  vessel  called  a  piezometer  and  noting  the  resulting 
diminution  of  volume. 

The  following  table  gives  the  compressibilities  of  ^me  liquids. 
Each  number  is  the  proportion  by  which  the  volume  of  the  liquid 
is  decreased  when  the  pressure  on  it  is  increased  by  one  atmosphere. 

Water 0000489 

Ether   000x156 

Alcohol 0000828 

Glycerine 0000252 

Mercury 0000038 

200.  Hydrometers.    A  Hydrometer  is  an  instrument  for  finding 

the  density  of  liquids;  some  hydrometers  may 
also  be  used  to  find  the  density  of  solids.  The 
action  of  most  hydrometers  depends  on  Archi- 
medes' principle.  Some  hydrometers  sink  to 
different  depths  in  different  liquids  and  thus 
indicate  the  densities  of  the  liquids;  these  arc 
called  hydrometers  of  variable  immersion. 
Other  hydrometers  are  used  with  different 
weights  added  to  the  weight  of  the  instrument 
so  that  they  are  always  immersed  to  the  same 
depth;  these  are  called  hydrometers  of  constant 
immersion. 

The  common  hydrometer  is  one  of  variable 
immersion.    It  is  a  glass  tube  with  an  enlarge- 
ment in  the  middle  and  weighted  at  the  lower 
eauiUK  '  T     ^"^  ^^^^  mercury  so  that  it  will  float  in  stable 

of  th^T"":.  u"'''^''  ^^^  *"^^  '^  ^  s^a^^  w^i^^h  indicates  the  density 
\^^  hquid  by  the  depth  to  which  the  tube  is  immersed. 

HydromS.  ^irLl!!!''''"?^    ^^    "^°**^°*    immenuon    is    Nicholson'. 

It   consisto    of   a    hollow    cyliddricsl    body    (of    metal    or 


Fw-  95.     Common 
hydrometer. 
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(ila).  to  oac  cad  of  wbicb  a  somewhal  heavy  baikcl  0  is  >  

o  ikc  otker  otd  ibera  b  ■  ttem  5  vhicb  carrio  a  icaie  pan  C  far  weii^I^^ 
B  there  U  a  mark  indicating  the  deplb  lo  which  ihc  faydramclcr 

b  U  be  inuDCrted.      Let  If  be  the  veigbt  of  the  bfilramclcr  and  let  tv 

bt  Ihe  xJiht  that  most  be  placed  on   the  pan  lo 

sikc  ibe  inslTuineol  sink  to  the  mark   in  water  of 

ia^  i,  and  x^  the  weight  on  C  tequiied  when  the 

k^dramelcr  ii  in  *  liquid  of  densit]'  D.     The  volume 

of  Eqnid  displaced  in  both  cases  is  the  same.    Hence. 

W  Ar^mcdci'  principle,  the  weights  oi  equal  vol- 
1  liquid  and  of  water  arc  (F  -(-  ti^ 


nd  If  +  V.    HcDcc 


Tlu  hydrometer  may  also  be  used  lo  find  the 
linnty  of  a  small  solid.  When  so  used  the  instru- 
is  in  reality  a  balance  for  weighing  the  solid 
r  and  then  in  some  liquid  of  known  densily. 
Tbc  body  is  first  placed  on  C.  The  weiKhl  required 
10  C  to  sink  the  hydromeler  lo  the  mark  on  the 

wiU  be  less  than  uf  by  tbe  weight  of  the  body.      ''"'■  ?*■      "^'f'"'!"""* 
giTes   the   weight   of   the   body    in    air.     The 

is  then  placed  in  B  and  its  apparent  weight  when  immersed  is  found 
:  same  way.  Tbe  ratio  of  the  weight  of  ihe  body  to  ils  apparent 
loss  oi  wdghl  wbcn  immersed,  wbicb  equals  tbe  weight  of  an  equal  volume 
■f  Jiqaid,  gives  the  specific  gratily  of  the  body  relatively  to  tbe  liquid. 

SOI.  Stability  of  Flotation.  A  body  floating  at  rest  on  the  sur- 
face of  3  liquid  15  in  equilibrium  under  the  action  of  its  weight 
uting  vertically  downward  through  the  cenler  of  gravity,  G.  and 
the  resultant  upward  pressure  of  the  liquid  acting  through  the 
center  of  buoyancy.  B.  Hence  the  two  forces  are  equal  and  act 
in  opposite  directions  in  the  vertical  line  BG.  Suppose  the  body 
to  rotate  slightly  about  an  axis  perpendicular  to  the  plane  repre- 
fcnled  in  the  figure.  The  form  of  the  volume  of  water  displaced 
M  different  (unless  the  body  be  spherical  or  cylindrical)  and 
Oic  cenler  of  buoyancy  is  at  some  point  B'  not  in  the  vertical  line 
through  G.  Hence  the  forces  now  acting  on  the  body  constitute 
I  couple  and  if  the  couple  tends  to  right  the  body  the  equilibrium 
8  Stable,  if  not  it  is  unstable. 

The  simplest  case  lo  consider  is  when  the  body  is  symmelrical,  or  very 
Bearly  so,  on  opposite  sides  of  the  plane  through  B  and  G  perpendicular 
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to  the  axis  of  rotation ;  for  in  this  case  B  is  in  this  plane.  Let  a  vertical 
through  B'  cut  BG  in  if.  For  small  rotations  the  position  of  M  on  BG 
is  very  nearly  independent  of  the  magnitude  of  the  rotation.  M  is  called 
the  metacenter  of  the  body.  The  position  of  if  can  usually  be  calculated 
by  mathematical  methods.  If  M  is  above  C?  it  is  evident  that  the  couple 
tends  to  right  the  body  and  the  equilibrium  is  stable;  if  if  is  below  G  the 


Fig.  97.      Stable  equilibrium  of  a  vesteL 

couple  tends  to  displace  the  body  further  and  the  equilibrium  is  unstable. 
Hence  the  danger  of  taking  the  whole  cargo  out  of  a  vessel  without  putting 
in  ballast  and  the  risk  of  upsetting  when  several  people  stand  up  at  once 
in  a  small  boat.  A  ship  has  one  metacenter  for  rolling  and  another  for 
pitching.  In  general  the  vessel  is  not  quite  of  the  ssrmmetrical  form 
assumed  above  and  the  problem  of  stability  is  more  complicated. 

202.  Energy  of  a  Moving  Stream.  When  liquid  flows  steadily 
through  a  pipe  of  varying  cross-section  the  total  energy  in  the 
space  between  any  two  sections  A  and  B  remains  constant  When 
a  volume  V  flows  in  through  A,  an  equal  volume  flows  out  through 
B,  I-et  the  pressure  at  A  and  B  respectively,  be  p^  and  p„  and 
the  velocities  r,  and  r,  respectively.  Let  p  be  the  density  of  the 
liquid.  When  the  volume  V  flows  in  through  A  it  carries  kinetic 
energy  Wpv^  into  the  space  between  A  and  B  and  in  the  same 
time  the  volume  V  flows  out  through  B  carrying  energy  iVpV*. 

Now  the  liquid  to  the  left  of  A  acts  like  a 

piston  in  forcing  liquid  into  the  space  between  A 

and  B,  and  it  thus  does  work  pj^  which  goes  to 

Fio  08  increase  the  energy  between  A  and  B;  and  in 

the  same  time  the  liquid  between  A  and  B  does 

work  py  in  forcing  liquid  out  through  B,    From  this  cause  there 

is  an  increase  of  energy  py  ^py  between  A  and  B.    But  the 

total  energy  between  A  and  B  remains  constant.    Hence 


\Vp{v:-v:)  +  (py-py)  =0 


p.+ipv:= 


\-ipv,' 


1  this  it  is  evident  that  where  v  increases  p  decreases  and  I 

i.  Outflow  from  an  Oriflce.  Tonric«lli's  Theorem.  When  an 
e  is  opened  in  a  side  of  a  vessel  containing  liquid  at  greater 
atmospheric  pressure,  the  liquid  is  forced  outward.  The 
^lest  way  of  &nding  the  velocity  of  the  escaping  liquid  IS  by 
application  of  the  principle  of  conservation  of  energy. 
V  small  mass  m  of  liquid  escaping  ^ith  velocity  v  has  imv*  units 
kinetic  energy.  If  no  liquid  has  been  added  to  the  vessel  during 
t  escape  of  the  mass  m,  the  potential  energy  of  the  liquid  in  the 
d  must  have  diminished  by  an  amount  equal  to  Jmt'.  The 
i  m  was  really  removed  from  the  part  of  the 

d  near  the  orifice,  but  the  change  of  the  state    I 

i  the  liquid  in  the  vessel  is  the  same  as  if  the     ^^ 
I  had  been  removed  from  the  surface;  and     ^=? 
e  change  of  total  potential  energy  of  the  liqui 
«  vessel  and  of  the  escaping  liquid  is  the  same  as 
a  mass  m  had  been  lowered  from  the  surface  to 
«  depth  of  the  orifice.    Hence,  denoting  the  depth 
Bf  the  orifice  below  the  surface  by  h,  the  loss  of  potential  energy  J 
^mgh  and,  therefore, 

V  =;  \/2gh 

!  ihe  velocity  of  escape  is  the  same  as  if  the  escaping  liguid   I 
fallen  freely  through  the  distance  of  the  orifice  below  Ike 
surface.     This   is  known   as   Torricelli's  Theorem.     It   was   first 
stated  by  a  pupil  of  Galileo  named  Torricelli  who  also  discovered 
principle  of  the  barometer. 

'orricelli's  Theorem  may  also  be  deduced  from  the  preceding  I 
If  the  velocity  v,  in  the  vessel  is  negligibly  small 

...-'ih-t.) 


W% 


t  pressure  inside  the  orifice  is  ^,  =  gpk  +  the  atmospheric  pres- 
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Mfa,    iwl    ttlHt   miliifie   the   orifice,   f,   b 
(font*  /I,—  fi^^gpk. 

'Ilia  aliiiv*  ilicorrm  relales  only  to  Uk  vdootr  of  ibe  psrtkki 
I*  llmr  t«HV*  Ditt  iirlficc.  It  does  not  enaUe  its  »  ooce  to  cakafaM 
lit"  viitoirif  llitti  «>cnpc*  in  »  given  time;  for  tbe  ctom  lectiaarf 
lIlK  }>l  I'liMlrui-U  tor  a  uliorl  distance  after  lexrn^  Ac  vessel,  ttl 
Ml  M  ii»MhIii  |iitliit  rcoi'lu'*  a  minimum  called  tbe  iwm  rMlraeM 
fur  tMiiillnrlrd  vnlti)  beyond  which  it  expands.  If  tbe  ana  a  «( 
lltH  uruH mnillitii  el  the  ct^na  conlracia  is  found,  tbe  Tolmoe  per 
■ucond  llial  e!ic%i>cs  is  av.  The  ratio  of  a  to  the 
n  111  ihc  oriii<;c  depends  on  the  %-eIocitT  of  es- 
1^'  I  ii|iu  bikI  cuii  be  changed  by  inserting  a  tube  (or 
•ilufitU^)  tliroiigU  the  orifice. 

not.  Prauun  IBxerUd  by  a  Stream.     Wtien  a 
■irrnm  of  liijuiit  meets  .in  obstacle  and  is  arrested 
It  ii'''*'»  "P  ll*  HiomciiUmi  to  the  obstacle,  that  is. 
Il  hxcTIh  a  force  on  the  obstacle.     The  pressure 
Ihuii  |iriii|uvv<l  VM\  I*  wilculnted   from  the  velocity  of  the  water 
Hiul  lli»  itiiioiliil  ol  wnlrr  (hat  impinRes  per  second 
III)  lliti  iilmlkvl*.     On  Ihl*  i>  founded  n  method 
•>l  muiiaiiitii)!  th«  vvUH'lly  of  a  stream.    A  lube 
Iwtll  Hk  tiaht  «m(lM  I*  I'Uettt  in  the  stream  so  that 
m*  MM  imiiil*  liorlnWally  up  stream  and  the       "^^^^^T 
mln>F  VtfdtvaKy  »l>wuhL     If  the  water  were  at       — ^=: — 
fMl  Ihv  litjttid  w^'hH  »W  in  the  vertical  axis  to       ^^%^"-f^°l 
{\w  Main  i»(  Ihc  »Hr(ai,T  of  th«  water,  but  the        v. 10  =  117   ot 
yiv*m\v  til  ihfl  »ii«atw  ial»«!*  U  higher  and  from       aiam. 
Iltli  atlOiltMUkl  hctKhl  the  vekviiy  of  the  stream  can  be  deduced. 
I  When  a  jet  impinges  on  an  ob&ucle  and 

I  Howi  oif  laterally  tbe  pcvssuR  exerted  is  that 

.^h^     due  to  the  Kms  of  the  mocBennuB  of  the  Kqmd. 
^U    Ij  tku  obuacte  »  c«rrcd  90  that  the  morion 
^^^^^^^M    ol  Ae  ht^fAk  »  iwerwd  tbe  water  is  given  an 
W^^^B^^     (4)tta)  VBOwewtott  in  tbe  opposite  directioa  and 
I  tbe  fwee  ejected  o«  Ac 

l'bi»  ^uciple  u  taJbcs  adnMagc  of 


ft  ft£  vqitecwbnb. 


air  lunu  pcT|>«i- 
dicalar  ta  Ibt  d^ 
nctlDD  ot  n 


uguios. 

I  3.  Stream  strikes  an  obstacle  oliliqui-ly  it 
i  then   flows   down   ainng  the  surface  of  the 
obstacle.     Thus   the  side  of  the  obstacle  farther 
up  stream    receives    more    motncniiini    than    the 
r  side  and  so  tends  to  turn  more  nearly  per- 
milar   to   the   stream.     A   floating  log   free 
I  swing  about  its  middle  point  sets  itself 
I  the  stream.     A  leaf  falling  from  a  tree 
lends  to  take  a  homonlal  position.     The  effect 
u  readily    illustrated   by  sweeping  through   the 
M  3  square   disk  of   cardboard   which   Is  con- 
nected by  short  threads  to  a  wire  frame. 
206.  Tbo  Hydratilic  Ram.     Water  flowing  under  the  action  of 
^tity  tends  to  the  condition  in  which  it  would  be  in  equilibriuRi, 
and  in  which,  therefore,  all  parts  of  the  free  surface  would  be  at 
>He  same  level.     This  is  the  meaning  of  the  sl.itemeni  thai  "  water 
seeks  its  own  level."     Usually  it  is  only  by  the  means  of  work 
^ne  by  some  force  other  than  gravity  that  water  can  be  raised 
lo  a  higher  Wet.     In  the  hydraulic  ram  a  small  fraction  of  the 
*at(r  in  a  stream  is  raised  to  a  high  level  by  a  self-acting  mcch- 
n  which  does  not  need  any  externa!  power. 
Vhen  a  stream  of  water  in   a  pipe  is  suddenly  stopped,  for 
example    when    a    water-tap    is    turned 
ofiT,  the  momentum  of  the  water,  which 
may  he  very  large,  is  stopped  in  a  very 
short  time  and  therefore  the  force  ex- 
erted by   the    water  on   the   pipes   may 
be  very  much  larger  than  that  which  the 
1  water  exerts  after  it  has  come  to  rest. 
Fio.  iQ^    Principle  of     ip    (he    hydraulic    ram   this   momentary 
y     u  c  ma.  intense  pressure  is  used  to  drive  water 

D  an  air-chamber  such  as  is  used  in  a  force-pump. 
Momentary  interruptions  of  the  current  are  caused  by  the  opcn- 
f  and  closing  of  a  valve  which  works  automatically  in  a  vertical 
ection.     The  weight  of  the  valve  is  such  that  when  it  is  closed 
lnd  the  water  is  at  rest,  the  pressure  of  the  water  on  the  lower 
Mrfaee  of  the  valve  is  not  sufficient  to  keep  it  closed:  hence  it 
opens  and  allows  the  stream  to  start.     The  stream  when  in  mo- 
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ticm  carries  the  valve  with  it,  again  donng  it  and  arresting  the 


Some  of  the  potential  enei^  of  the  head  of  water  is  trans- 
fonned  into  kinetic  enei^  of  the  flowing  stream,  and  this  is  parti; 
changed  into  potential  eneigr  of  the  compressed  air,  which  again 
is  changed  into  potential  energv  of  the  water  at  the  top  of  the 
delivery  tube.  Only  a  small  part  of  the  water  is  finally  raised  to  a 
higher  level  than  it;  original  one  and  its  gain  of  potential  energy 
is  compensated  by  the  loss  of  potential  energy  of  the  remainder. 

Motecnlar  PfopkUm  of  Uqddi. 

806.  Molacnlar  Foicaa.  Between  the  particles  of  a  solid  or  of  a 
liquid  there  are  attractions  that  keep  the  body  together  unless  these 
forces  are  overcome  by  external  forces.  To  show  directly  the 
existence  of  these  forces  betiteen  the  particles  of  a  liquid  is  very 
ditTicuIt.  since  a  liquid  so  readily  changes  its  shape.  It  has,  how- 
ever, been  found  possible  to  fill  a  glass  tube  with  water  at  a  high 
temperature  and  then  seal  the  tube;  the  water,  on  cooling,  continued 
lo  till  the  tube,  n-ilhoul  contracting,  until  it  exerted  a  tensile  force 
of  over  seventy  pounds  per  square  inch  upon  the  walls  of  the  tube. 
The  water  would,  in  such  an  experiment,  stand  a  much  higher 
stress  if  it  were  possible  to  free  it  perfectly  from  absorbed  gases. 
It  is  this  attraction  between  the  particles  of  a  liquid  that  has  to 
be  overcome  when  a  liquid  is  evaporated;  and,  from  the  heat 
rei]uircd  for  evaporation,  it  can  be  calculated  that  the  attractions 
between  the  particles  are  vcrj-  powerful  and  produce  a  very  great 
inlomal  pressure  across  any  imaginary  plane  in  the  liquid. 

From  the  above  it  might  be  thought  that  a  body  immersed  in 
a  liquid  would  feel  the  effect  of  this  great  internal  pressure^  That 
such  is  not  the  case  is  due  to  the  fact  that  the  molecular  forces 
of  attraction  are  sensible  only  when  the  distances  between  the 
particles  are  exceedingly  small.  Thus  two  particles  of  water 
practically  cease  to  attract  when  the  distance  between  them  exceeds 
a  value  that  is.  roughly,  about  .00005  t)")-  ^of  tiK  thiimest  solid 
that  it  is  possible  to  insert  in  a  liquid  separates  the  particles  so 
far  that  the  attractions  between  them  are  negl^bl<v  and  thus  the 
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pressure  on  an  immersed  solid  is  merely  that  due  to  the  causes, 
^vilation  and  pressure  on  the  boundary,  considered  earlier. 

The  distance  to  which  the  force  of  attraction  is  sensible  is  called 
lie  range  of  molecular  forces.  Any  particle  of  a  liquid  is  attracted 
by  all  particles  that  lie  within  this  range  and  these  are  contained 
wilhin  a  sphere.  This  sphere,  whose  radius  is  the  range  of  molec- 
ular forces,  may  be  called  the  sphere  of  influence  of  a  particle. 

207.  Snrfaca  Tension.  The  molecular  forces  of  which  we  have 
been  speaking  produce  certain  remarkable  effects  at  the  surface 
of  a  ■  liquid.  The  surface  of  a  liquid  tends  to  contract  to  the 
smallest  area  admissible.  Thus  a  drop  of  water  falling  through 
the  air  becomes  spherical,  since  the  sphere  is  the  figure  of  least 
surface  for  a  given  volume.  The  same  is  true  of  a  drop  of  liquid 
lead  falling  in  a  shot  tower;  the  drop  solidifies  during  the  fail  and 
b  found  to  be  spherical  when  the  fall  is  sufficient  to  allow  it  to 
become  perfectly  solid  while  in  the  air.  A  mixture  of  alcohol 
and  water  can  be  prepared  of  the  same  density  as  an  oil,  and  a 
large  drop  of  the  mixture  floating  totally  immersed  in  the  oil  is 
spherical.  When  the  end  of  a  stick  of  sealing-wax  or  of  a  glass 
rod  is  melted  in  a  flame,  it  tends  to  the  spherical 
form.  A  beautiful  illustration  of  the  tendency 
of  a  liquid  surface  to  contract,  consists  in  form- 
ing a  film  from  a  soap-bubble  solution  on  a  ring 
of  wire  to  which  a  loop  of  silk  has  been  loosely 
attached  so  that  the  loop  floats  in  the  film ;  when  "f  ""t  ™  *aritce 
the  film  is  broken  inside  the  loop  the  latter 
becomes  circular.  In  shrinking  to  the  form  of  least  area  the 
film  pulls  the  loop  into  the  form  of  greatest  area  for  a  given 
periphery,  and  this  is  a  circle. 

SOS.  XttpUnation  of  Stirface  Tension.    Consider  the  condition  of 
a  panicle  at  A  in  the  body  of  a  liquid,  and  that  of  a  particle  at  B, 
at  less  than   the    range  of   molecular   forces 

from  the  surface,     The  particle  at  A  is  equally 

-l^g^     attracted  on  all  sides  by  the  particles  around 
"~~~"~"'      it,   but   the   particle   at   B   is  more   attracted 
Fia.  io«.  inward    than    outward,    since    a    sphere    with 

r  a.1  B  and  the  range  of  molecular  forces  as  radius  lies  partly 
)e  of  the  liquid.  To  lake  a  particle  from  A  to  B,  work  must 
me  against  this  inward  attraction. 
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Now,  when  the  surface  of  a  liquid  is  increased,  for  example  when 
a  soap  film  is  stretched,  more  particles  are  drawn  into  the  surface; 
hence  some  work  is  done  by  the  stretchings  force  and  therefore  an 
opposing  force  is  overcome.  Bnt  the  stretchii^  force  rcquirml 
is  parallel  to  the  surface;  hence  the  liquid  exerts  an  opposing  or 
contractile  force  parallel  to  the  plane  of  the  surface,  and  this 
force  is  what  we  call  the  surface  tension.  Thus  we  explain  the 
existence  of  a  tension  in  the  surface  of  a  liquid  by  showing  that 
it  is  in  accordance  with  the  principle  of  work.  At  present  our 
knowledge  of  the  state  of  the  particles  near  the  surface  is  too 
imperfect  to  enable  us  to  describe  their  condition  more  precisely 
and  to  show  how  the  state  of  tension  along  the  surface  is  produced. 
If  a  line  be  imagined  drawn  along  the  sur- 
face of  a  liquid,  the  part  of  the  surface  on  one 
side  of  the  line  pulls  on  the  part  on  the  other 
side,  and  if  the  length  of  the  line  be  supposed 
one  cm.  the  pull  in  dynes  is  taken  as  the  magni- 
tude of  the  surface  tension  of  the  liquid;  this 
we  shall  denote  by  T. 
209.  Hflthods  of  Hoaniring  Snrfue  ToibIoil  Surface  tension 
manifests  itself  in  many  ways  and,  as  almost  any  of  its  effects 
may  be  made  the  basis  of  a  method  of  measuring  it,  the  methods 
that  have  been  employed  are  numerous.  When  the  liquid  can  be 
formed  into  a  thin  sheet,  as  in  the  case  of  a  soap 
solution,  a  direct  method  of  measuring  it  may  be 
used;  a  film  may  be  formed  on  a  wire  frame  of 
which  one  side  is  movable;  if  the  force  required 
to  hold  this  side  at  rest  against  the  surface  ten- 
sion is  F,  and  the  length  of  the  movable  side  is  F'"-  "*■  |*"*^ 
/,  the  tension  in  each  surface  of  the  film  is  F/2/. 

To  draw  a  horizontal  wire  up  through  the  surface  of  a  liquid  the 
tension  of  the  surface  must  be  overcome,  and  from  the  force  re- 
quired the  surface  tension  may  be  calculated. 

The  movement  of  minute  waves  or  ripples  on  the  surface  of  a 

liquid  is  due  chiefly  to  the  surface  tension  of  the  liquid,  and  from 

the  wave-lengths  of  the  ripples  and  their  velocities  we  can  find 

the  magnitude  of  the  surface  tension. 

The  rise  of  liquid  in  a  capillary  tube  depends,  as  we  shall  see 


H 


her,  on  the  sartmcx  tau 

Aaek  at  UnU  tmi  BabO.    Tbc  gen- 
nl  Eree  wtrface  of  a  liqaid  is  boruootal :  but, 
rinc  dK  liquid  is  in  contact  with  a  solid,  tbe 
is   nsoal);   carroi,    tbe   direction    and 
of    tbc    cnnratore    beiitg    fUfferent    for     P^ 
tSatat  fiqnids  and  different  solids.     Water  in         fu.  ■>«.    c«b- 
▼crtica]    sorfaoe    of    glass    is      "a  at  *Mer  ind 
Umd  iqnrard,  and  mcncnrT  in  the  same  eircom- 

cnrved  downward.     These,   for  a  reason  stated  later, 
ire  oDcd  cafillary  pbenotnena. 

The  contact  angle  of  tbe  we^e-shaped  part  of  the  liquid  between 
Ae  fnt  surface  of  tbe  liqoid  aitd  tbe  surface  of  the  solid  is  called 
ftc  mgle  of  cafdlarity.  Tbe  siie  of  the  angle  in  anj  case  depends 
on  tbe  purity  of  ibe  liqnid  and  the  cleanness  of 
the  solid  surface-  Thus  for  very  pure  water 
in  contact  with  clean  glass  the  angle  is  o°:  but 
with  slight  contamination,  even  such  as  is  caused 
bj  c:qMisure  to  air,  the  angle  may  become  as 
ft*  >»L  Cam-  '^'S*  *s  25°  or  more.  For  perfectly  pure  mer- 
H  of  mimmrj  any  and  glass  tbe  angle  is  about  148°,  but  sli^t 
^^  contamination   reduces   it   to    140°   or  less;    for 

■nxniine  it  is  17°,  for  petroleum  26'  and  so  on. 
2U.  Lrvd  of  Uanida  in  CapilUrT  Tobea.     When  a  glass  tube 
•f  rcry  fine  bore  (or  so-called  capillary  lube),  open  at  both  ends. 
»  placed  vertically  with  its  lower  end  in  a' 
vessel  of  liquid,  the  surface  of  the  liquid 
■  the  tube  b  usually  hi^er  or  lower  than 
be  general    level   of   the    surface    in    the 
PesseL    When  the  liquid  is  water  or  alcohol 
level  is  elevated  in  the  tube;  when  tbe 
mercury  the  level   is   depressed, 
or  a  given  liquid  the  amount  of  elevation 
depression   is  greater   the   smaller   theFic   m.     Wwcr  in  « 
e  of  the  tube,  being,  in  fact,  inversely  as 
diaiDCler  of  the  bore.    For  tubes  of  other  materials  than  gl; 

ir  effects,  depending  in  amount  on  the  material  of  the  tube, 
observed. 
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s  between  two  glass 
plucs  sQnfii^  close  tagctbo'  in  a  liqibd.  These  eleratioiis  aod 
depresnoos  and  tbe  drrxiore  of  a  bqnid  laitjxe  in  contact  with  • 
•olid  are  nsoallj  grouped  tmder  the  gencnl  title  of  CapUUtrity. 

Assnming  the  rrislenCT  of  tbe  iorariable  angle  of  c^illarity 
at  wlikh  a  bqnid  meets  a  solid,  we  can  gire  a  simide  explanation 
of  capiHary  elerations  and  depressioas. 

Consider  the  case  when  the  Eqnid  is  derated.  The  liquid  in 
tbe  tnbe  meets  tbe  tnbc  in  a  ctrde  of  radios  r  equal  to  the  radius 
of  tbe  bore,  and  at  every  point  of  the  drde  tbe  angle  of  contact 
is  tbe  angle  of  "•apmarrty  s.  Tbos  the  sorface  tension  of  the 
liquid  pnQs  on  the  tnbe  in  the  direction  PQ 
inclined  at  a  to  the  length  of  the  tnbe;  and 
the  tube  therefore  reacts  with  an  equal  pull 
in  the  direction  QP.  The  amount  of  the  pull 
per  unit  length  of  the  circumference  of  the 
circle  of  contact  is  7*  and  the  component  of 
this,  parallel  to  the  length  of  the  tube,  is  T 
cos  u.  For  the  whole  circumference  of  the 
circle  of  contact  the  sum  of  these  components 
is  2^T  cos  a.  This  is  an  upward  force  on 
the  liquid  in  the  tnbe,  and  it  draws  the  liquid 
""  "~  upward  until  the  weight  of  the  liquid  elevated 

above  the  ordinary  surface  equals  the  supporting  force.  If  the 
mean  elevation  is  h,  the  volume  of  the  supported  column  is  «f'A 
and  its  weight  ^hpg  in  dynes.    Hence 

i^kpg  =  2wrTcm<t 
•  ._2TQ0sa 

"     ~      gpf 

Thus  (he  elevation  is  directly  as  the  surface  tension  and  inversely 
as  the  radius  of  the  tube.  By  measuring  the  elevation  and  the 
radius  and  finding  a  by  some  other  method,  the  value  of  T  for  any 
liquid  may  be  obtained. 

212.  Eleratlon  between  Flatas.  The  above  method  of  proof  may 
also  be  extended  to  the  case  of  a  liquid  between  parallel  plates 
(Fig.  112).    In  this  case  the  surface  of  the  liquid  meets  the  sur- 
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^^  ^f  ibc  plates  hi  straigtit  lines.  Let  Ac  dirtancr  between  the 
^^^  be  d.  Connder  the  cqnilibriniB  of  tte  U^nid  mlainril  be- 
^^^  the  plates  and  two  vertical  planes  papenificBlBr  to  ibe 
I  *  tnd  at  unit  distance  apart.  Tbe  poll  of  die  svrface  ttncica 
^^^  lop  is  27*  cos  a  and  the  wcigfai  of  the  liqind  sapportcd  b 
Hence 


2T0 


s  the  eJevatuMi  is  the  same  ior  two  parxBel  ^ates  as  for  a 

:  if  the  distance  between  the  plates  equals  the  ndinc  of  Ac  HAe. 

■^  Sis.  Titman   Csand   br   *   Oimd   Ssifm  ^lAv  Tari^a. 

e  tbe  liquid  in  a  capilUiy  U  eleraied  abore  or  depfcued  bdow 

K  ordtnarv  level,  the  pressure  beneath  the  carred  surface  most 

R  less  Of  greater  than  the  pressure  at  the  general  surface.    Wbeo 

K  effect  is  a  dcpressioa  (mercury  in  ^ass)  the  deprcaaed  anrface 

■  curved  downward  and  the  tension  in  the  sarface  prodMCCS  a 

B|*essiuA  just  as  the  tension  in  a  rubber  sheet  •trochol  over  a 

'fall  produces  pressure  00  the  ball     \MKn  the  effect  is  an  deva- 

bon  the  stretch  on  tbe  upward  cnrred  surface  tends  to  draw  the 

liquid  in  tbe  surface  layer  away   from  the  liquid  below  and  so 

l.froduces  a  stale  of  tension  or  dimiuutiou  of  pressure  beneath  tbe 

rface.     From  the  anxrant  of  tbe  deration  or  depressioii  we  can 

late  the  change  of  pressttre  thus  caused.     In 

^  flte  case  of  an  elevation  to  a  hei^t  A  tbe  pressttre 

must  be  less  than  the  pressure  at  tbe  ordinary  level, 

which  is  atmospheric  pressure,  by  gpk  or  ($211) 

(27"  cos  u)/r.    Here  r  is  tbe  radius  of  the  tube. 

If  we  denote  the   radius  of  tbe  spherical  surface 

by  R,  R  cos  3  ^  r.     Hence  the  pressure  beneath 

the  concave  surface  is  less  than  that  of  the  atmo- 

^here  above  by  2T/R.    The  same  applies  to  the  **■  "*" 

pressure  produced  on  the  concave  side  of  a  depressed  surface. 

This  difference  of  pressure  on  the  two  sides  is  due  entirely  to 

the  tension  and  the  curvature  of  the  surface. 

In  the  case  of  a  spherical  soap-bubble  there  arc  two  surface 
tensions  to  be  considered,  one  on  the  inner  side  of  the  61in  and  the 
r  on  the  outer  aide.     Hence  the  total  pressure  inside  the  bubble, 
be  to  the  tension  and  curvature  of  the  film,  is  4T/R. 
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A  cylindrical  snrfncc  in  a  stale  of  tension  also  produces  pressun 
(in  the  concave  side.  This  is  deduced,  as  above,  from  the  elev* 
lion  nr  depression  of  a  liquid  of  surface  tension  T  betweet 
Ikamllcl  plates  at  t.  distance  d  apart,  If  R  is  the  radius  of  th( 
cylindrical  surface  of  the  liquid  R  cos  a  =  \d.  Hence  (§211] 
f^'T/R,  and  this  is  therefore  the  pressure  on  the  concavt  " 
due  lo  Ihe  lention  7*  in  a  cylindrical  surface  of  radius  R.  I 
ease  of  a  cylindrical  soap-bubble  of  radius  R  the  tension  in  ead 
surface  produces  pressure  T/R.  Hence  the  pressure  inside  tl 
IcrcAler  than  that  outside,  by  3T/R. 

m.  Othu  BfftOla  or  Borfkca  Tonslon.  Wfaen  the  angle  of  capillarity 
at  ■  lli|iil(l  In  ContkGI  with  A  solid  ii  iniall.  Ihc  liquid,  in  its  attempl  M 
rilMiilnh  ihli  «ii«ll  ■nalr.  iiitcaiU  out  od  ihe  surface  of  the  solid;  that  u^ 
Ihi  lliiiild  1>  one  thai  wets  Ihe  «oUd.  Tbut  a  drop  of  water  let  fall 
clean  glan*  iprvadi  out.  ibc  murIc  of  capillarity  being  stnall.  A  drop  of 
maTturjp  uii  ■  kUm  plate  baa  no  tendcDcjr  to  spread  but  gathers  info  1 

A  61m  of  water  between  two  glass  plates  makes  it 
ititticull  to  draw  the  plates  apart  by  a  force  normal  li 
their  lurfaccs.  The  liquid  tends  to  spread  over  both 
pUin  and  become  concave  outwards,  so  that  the  pn 
■uTe  within  it  is  leat  than  Ihc  atinospheric  pressura 
which  act*  on  the  outside  of  Ihe  plates,  and  this  pnH 
dticri  an  apparent  attraction  between  the  plates. 

When  an  atlenipl  1>  made  lo  blow  out  a  glass  tube  containing  num 
detflcheil  drnpa  a  surpriiitig  resistance  is  experienced.     Each  drop  bceoiuei 
concave  on  the  aide  of  high  pr«s«ure  and  the  total  resistance  is  the  su 
of  the  preaaure*  eacrled  hy  these  concave  surfaces. 

Small  bodlei.  such  a*  straws  and  sticks,  floating  on  the  surface  of 
liquid  iiaiiall;  allract  and  galher  into  groups.  Let  us  represent  two  sni 
l)odies  by  aniall  vertical  plates.      If  the  liquid  wets  both  it  rises  between 
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them,  and  the  pressure  in  the  devaled  portion  is  less  than  the  aimospherie 
pressure  on  the  outer  sides  of  Ihe  plates.  Hence  the  plates  are  pushed 
together.  If  the  Uguid  does  not  wet  either  plate  it  is  depressed  between 
B  pressure   above   the  depressed   part   is  atmospheric,   while   Ihe 


UQunas. 


Komn  in  the  liquid  oo  the  outer  sides  of  ihe  [>Ute(  ii  grtnter  than 
lOM^ikcne  and  the  plates  are  puUicd  logcthcr  H  the  liquid  wrii  one 
fhtc  bat  ool  Ibc  othci  there  is  ■  part  of  each  plate  on  which  Ihr  prcuiirc 
oa  ibe  laudc  is  grealei  than  that  on  the  outside;  hence  an  appaient  tc- 
flikion  resolls.  (Balls  of  paraffine  wax  some  of  which  are  lamp- black  id, 
Soiling  on  water,  will  illustrate  all  three  casea.) 

Anjr  dissnlved  sntHlance  or  impurity  weakois  the  surface  tetision  of 
tntn,  This  also  explains  the  inesular  motions  of  amall  particles  n( 
DnpboT  dropped  on  clean  water.  At  tome  fwints  the  camphor  di>- 
nhcs  more  rapidly  than  at  other  points,  anil  near  (he  former  Ihc  surface 
tomni  of  the  water  is  weakened  so  IhnI  ihe  pull  on  the  opposite  side. 
■bert  the  teosion  is  greater,  prevails  and  causes  irreiulsr  motion. 

216.  Diffvsioii  of  Luinids.  The  gradual  mixture  of  two  liquids 
which  conic  into  contact  is  called  diffusion.  It  takes  place  on  n 
large  scale  where  fresh  water  from  a  river  flows  out  into  the 
ocean.  It  may  be  illustrated  on  a  stnall  scale  by  pouring  a  solution 
of  a  colored  salt  into  a.  tall  vessel  and  thcti  cautiously  covcriii); 
the  colored  solution  with  a  layer  of  water.  The  particles  of 
each  liquid  arc  in  motioti  atid  begin  to  make  their  way  across  the 
interface,  and,  after  a  long  time,  the  whole  vessel  is  filled  with  n 
mixture  of  the  same  constitution  throughout.  Stirring  has  the 
effect  of  increasing  the  area  of  contact  of  the  liquids  and  no  pro- 
motes ditTusion.  The  liquids  must  be  such  as  will  "mix":  oil 
ind  water,  not  being  capable  of  tnixing,  will  not  ditTuse  across  a 
surface  of  contact. 

Let  us  denote  the  two  diffusing  liquids  by  A  and  B,  and  let  us 
suppose  that  initially  A  occupies  the  lower  half  of  a  tall  jar  and 
B  the  upper  half.  The  concentration  of  either  of  the  liquids  at 
any  point  is  its  mass  per  unit  volume  at  thai  point  (i.  r,,  its  den- 
sity at  the  point  if  the  other  liquid  be  imagined  absent  without 
flie  first  being  disturbed).  The  liquid  A  diffuses  vertically  up- 
wards, that  is  from  places  of  high  concentration  to  places  of  low 
concentration.  The  gradient  of  concentration  in  any  direction  is 
the  rate  at  which  the  concentration  falls  off  in  that  direction, 
if  the  rate  of  fall  per  unit  of  distance  is  unity,  the  gradient  of  con- 
centration is  unity.  The  general  law  of  diffusion  is  that  the 
rale  of  diffusion  for  each  liquid  is  proporlionat  to  the  gradient 
of  concentration  of  that  liquid.  TIic  coefficient  of  diffusion  or  the 
diffusivily  of  the  liquid  is  the  mass  in  grams  that  crosses  unil  area 


i 


I  >4         MECH-UnCS  AXD  THE  fOMKlliS  OP  MATRK. 

in  a  daj  vboi  ibc  {radiait  of  conccntntioD  is  unity.  This  con- 
sont  can  be  fonod  from  abserratians  of  tbe  densi^  at  Tarions 
pconis  along  die  direcikm  of  AffnsioD  made  by  means  of  beads 
of  dinercni  densities  floadi^  in  tbe  liquid,  and  in  various  other 
ways.  Tbe  foUoTing  table  contains  tbe  coefficients  of  diffusion  of 
varioiu  substances  into  water  at  tbe  tempentnrc  (Centtgrade) 
staled. 

HTAvcUoric  acid S*  >-74 


Sugar  . 


From  the  abov-e  it  will  be  seen  that  liquids  vary  widely  in  dif- 
fusi^-ities.  Substances  of  high  diffusivity  are  called  crystalloids 
and  those  of  low  diffusivitj-  are  called  colloids.  The  former  group 
includes  minerals,  acids,  salts  and  substances  generally  that  fom 
crystals  (whence  the  name),  while  the  latter  includes  gums,  albu- 
mens, starch,  and  glue  (the  name  being  derived  from  the  Gredt 
for  glue).  Crystalloids  dissolved  tn  water  produce  many  mariced 
changes  in  its  properties;  colloids  in  water  form  jellies,  which 
seem  to  consist  of  a  semi-solid  framework  holding  the  liquid  in 
its  meshes.  Colloids  have  large  and  complex  molecules  and  it 
is  perhaps  to  this  fact  and  to  the  consequent  slower  motions  of 
the  molecules  that  their  small  diffusivities  are  due.  They  are 
comparatively  tasteless  as  they  do  not  diffuse  and  reach  the  nerve 
terminals.  Their  low  rates  of  diffusion  also  render  them  indiges- 
tible. Through  a  layer  of  a  colloidal  jelly  crystalloids  will  diffuse 
almost  as  rapidly  as  through  water,  but  colloids  not  at  all. 

216.  DUfuaion  thronjft  Uembtuia.  Oimosia.  Through  certain 
membranes  which  have  no  visible  pores,  many  liquids  will  diffuse 
readily.  Thus  through  a  partition  of  rubber  between  water  and 
alcohol  the  alcohol  will  pass  rapidly  while  the  passage  of  the 
water  ts  barred.  If  animal  membranes  are  wet  by  water  it 
readily  passes  through.  A  method  of  separating  crystalloids  and 
colloids,  called  dialysis,  depends  on  the  different  rates  at  which 
these  substances  pass  through  such  a  membrane  as  parchment 
paper.    The  diffusion  of  substances  through  such  septa  is  called 


UQums. 

Some  membranes  allow  one  constituent  of  a  mixed  liquid 
nlution  to  pass,  while  barring  the  other  constituent;  such 
Iranes  are  called  semi-permeable.  One  such  is  ferrocyanidc  of 
(opptr  formed  in  the  pores  of  a  porous  partition  by  the  reaction 
between  ferrocyanidc  of  potassium  on  one  side  and  copper  sulphate 
n  the  other.  When  such  a  membrane  separates  water  and  the 
•queous  solution  of  any  one  of  various  salts,  the  salt  does  not  pass 
Int  the  water  passes  in  both  directions,  though  more  rapidly  to- 
wards the  solution  than  in  the  opposite  direction.  If  the  solution 
a  tube  the  lower  end  of  which,  closed  by  a  plug  of  the  mem- 
bnuie,  is  dipped  in  water  the  level  in  the  tube  will  rise  until 
(provided  the  membrane  does  not  break)  the  column  is  of  such 
1  bcight  that  its  pressure  prevents  further  flow.  This  pressure 
8  called  the  osmotic  pressure  of  the  solution.  Its  magnitude  for 
TCry  weak  solutions  is  proportional  to  the  concentration,  that  is 
to  the  number  of  molecules  of  the  dissolved  salt  per  unit  volume. 
For  a  large  number  o£  salts  the  pressure  is  the 

Ame  for  solutions  that  contain  the  same  number 

Bf  molecules  of  the  salt  in   unit  volume.     For 

nrious  other  salts  the  osmotic  pressure   for  a 

pven  number  of  molecules  per  unit  volume  is 

t»o  (or  some  whole  number  of)    times  greater 

than  for  the  first  group;  this  is  possibly  due  to 

ttc  molecules  being  resolved  into  atoms  in  the 

lolution,    the    atoms   acting    independently.     But 

file    full    explanation    of    osmosis    and    osmotic 

pressure  is  a  matter  of  much  dispute.     One  re-      ^'"^  "*■   Oamotic 

Barkable    fact  may  be  noted,   namely   that  the 

Dsmotic  pressure   for  a  given   numl)er  of  molecules    (or  of  dis- 

Dciated  atoms)    in  an  aqueous  solution  is  equal  to  Ihc  pressure 
t  these  molecules   (or  atoms)    would  produce  if  freely  flying 

■  gaseous  particles  in  the  space  occupied  by  the  solution.     It  is 

Uo  noteworthy  that  the  osmotic  pressure  increases  in  the  same 

ray  and  at  the  same  rate  with  rise  of  temperalure  as  the  pressure 

f  a  gas  does. 
Osmosis  plays  an  important  part  in  many  natural  processes. 
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PROPERTIES  OF  GASES. 

217.  A  gas  has  already  been  defined  as  a  fluid  which  has  do 
definite  volume  of  its  own  independent  of  the  containing  vessel 
but  expands  so  as  to  occupy  any  vessel  in  which  it  is  contained. 
Gases  have  the  same  properties  as  liquids  in  all  respects  which 
depend  on  the  fact  that  the  shear  modulus  of  a  fluid  is  zero.  The 
pressure  at  a  point  in  a  gas  Is  the  same  in  all  directions  (g  184)- 
The  pressure  of  a  gas  on  a  surface  is  normal  to  the  surface  (S183). 
Pressure  applied  to  any  part  of  the  boundary  is  equally  trans- 
mitted in  all  directions  (Pascal's  Principle  §189).  A  body  im- 
mersed in  a  gas  is  buoyed  np  with  a  force  equal  to  the  weight  of 
the  gas  displaced  (Archimedes'  Principle  §191)-  The  pressure 
in  a  gas  increases  with  its  depth  at  a  rate  expressed  by  gpA,  as  in 
the  case  of  liquids  (§  185).  Gases  also  show  the  property  of 
internal  friction  or  viscosity  and  the  definition  of  the  coefficient 
of  viscosity  of  a  gas  is  the  same  as  that  of  a  liquid.  Some  of 
these  properties  are  of  special  importance  in  the  case  of  a  gas 
and  call  for  separate  treatment. 

218.  PnsBure  of  tha  Atmospliers.  A  very  important  example  of 
the  pressure  of  a  gas  is  the  pressure  exerted  by  the  earth's  atmo- 
sphere. The  atmosphere,  consisting  chiefly  of  oxygen  and  nitro- 
gen, is  held  to  the  earth  by  the  gravitational  attraction  between  it 
and  the  earth.  The  total  pressure  on  the  surface  of  the  earth  is 
the  total  attraction  between  the  earth  and  the  atmosphere,  that 

is  the  weight  of  the  atmosphere.  The  pressure 
on  any  horizontal  area  of  the  earth's  surface  is 
the  weight  of  all  the  air  vertically  above  that 
area.  At  the  top  of  a  mountain  the  pressure  is 
less  than  at  sea  level,  since  less  of  the  atmos- 
phere is  above. 

Galileo   discovered   that   air   had   weight   by 

weighing  a  glass  globe  containing  air  and  then 

re-weighing  it  when  he  had  forced  more  air  into 

it.    His  friend  and  pupil  Torricelli  found   (in 

^H  1^3)   that,  when  a  tube  33  inches  long  filled 

Fin.   117.    To>      with  mercury  and  closed  at  one  end  was  inverted 

iicelU'i  etpcil-        jji  ^  (jjgi^  jjf  mercury,  the  mercury  stood  at  a 
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hcigbt  of  about  30  inches  in  the  tube,,  thus  leaving  i 
ilovt  This  is  known  as  Torricclli's  Exfifriment.  He  thus  dis- 
iTOtd  the  previous  view  that  "  Nature  abhors  a  vacuiim."  and  was 
H  to  infer  that  the  pressure  of  the  atmosphere  on  any  area' 
equals  that  oC  a  column  of  mercury  about  30  inches  high  and  of 
» f fois-section  eqtial  to  the  area.  On  hearing  of  Torricelli's  ex- 
periment, Pasca]  reasoned  that  ihe  pressure  should  be  less  and 
^  tolnmn  of  mercury  in  Torricclli's  lube  lower  at  the  top  of 
1  mountain  and  he  wrote  to  a  relative,  who  lived  near  the  I'uy 
dc  Dome  in  Aus'ergne,  to  make  the  lest.  The  result  coiifinncU  his 
(raJKturc, 
US.  ne  Uercnrial  Barometer.  TorriceUi's  tube  was  the  first 
»ii)  simplest  barometer  or  pressure-gauge  for  measurement  of  the 
prwsure  of  the  atmosphere.  The  most  accurate  mercurial  barom- 
«tr  of  the  present  day  is  a  Torricellian  tube  with  a  scale  and 
"traicr  for  accurate  measurement  of  the  height  of  the  mercury 
coiiimn,  and  a  device  by  which  the  mercury  in  Ihe  cistern  may 
l«  readily  brought  to  a  definite  height.  In  Fortin's  cistern  ba- 
fomcur  the  dstem.  C.  has  a  flexible  leather  bot- 
'om.  S.  the  center  of  which  rests  on  a  screw,  V. 
By  turning  the  screw  the  level  o  f  the  mercury 
ui  ihe  cistern  can  be  raised  or  lowered  so  that 
when  the  barometer  is  read  the  level  of  the 
ntrcury  in  the  cistern  shall  always  be  the  same, 
Mmely  icro  of  the  scale  on  which  the  height  of 
1e  barometer  is  read.  Without  such  an  adjust- 
ment, the  level  of  the  mercury  in  the  cistern 
Would  fall  or  rise  as  the  height  of  Ihe  mercury 
in  Ihe  lulw.  T,  rose  or  fell.  That  the  level  of 
the  mercury  in  the  cistern  may  be  observed  the 
upper  part  of  the  cistern  is  of  glass  and  a  small 
ivory  stud,  O,  projecting  downward  from  the  top  p,g    ,  ,g     f-'^ 

fif  the  cistern  is  adjusted  by  the  maker  so  that  t""  <>l  Fonin'. 
'Is  end  is  on  a  level  with  the  zero  of  the  scale,  "("Mter- 
The  image  of  the  stud  in  the  surface  of  the  mercury  is  observed 
and  when,  as  the  level  of  the  mercury  is  raised  by  the  screw,  the 
end  of  the  stud  and  the  end  of  its  image  just  meet,  the  surface 
of  the  mercury  is  at  the  zero  of  the  scale,  In  filling  such  A 
barometer  care  must  be  taken  that  no  air  remains  in  the  mercury. 
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and  for  this  purpose  after  the  tube  has  been  filled  it  is  inverted 
and  the  mercury  boiled  so  that  the  air  is  expelled.  The  mercary 
in  the  cistern  becomes  somewhat  tarnished  in  course  of  time  and 
the  image  of  the  stud  ceases  to  be  distinct 

A  simpler  fonn  of  barometer  is  Bunsen's  siphon  barometer.  In 
this  there  is  no  cistern,  but  the  lower  end  of  the  tube  is  turned 
vertically  upwards.  The  difference  of  level  in 
the  (q>en  and  in  the  closed  end  is  the  barometric 
height  Thus  readings  of  both  ends  of  the  mer- 
cury column  are  necessaty.  Scales  are  etched  on 
both  branches;  the  one  on  the  longer  arm  reads 
upwards  and  that  on  the  shorter  arm  reads  down- 
wards. The  two  scales  are  usually  laid  off  with 
the  same  position  for  the  zero,  so  that  the  sum 
of  the  two  readit^  is  the  height  of  the  barometer. 
Another  form  of  barometer  is  the  Aturoid 
(Greek  aneros  =  dry)  barometer  in  which  no 
liquid  is  used.  It  consists  of  a  metallic  box 
exhausted  of  air,  with  a  thin  metallic  cover. 
Changes  in  atmospheric  pressure  cause  slight 
changes  of  curvature  in  the  cover,  and  b; 
means  of  a  multiplying  system  of  levers  these 
changes  are  transmitted  to  a  pointer  which  moves 
around  a  circular  scale  which  is  graduated  in 
I  i^A  cms.  or  inches  so  as  to  correspond  to  the  read- 

L   *i  tngs  of  the  mercurial  barometer.     This  form  of 

J^^^rM  barometer  is  more  convenient  for  travellers,  but 

I'iG.  119.  DunMn'i      it  has  the  disadvantage  that  its  index  must  fre- 
•ipbon  b»ro-  quently  be  reset  by  comparison  with  the  mercury 

barometer, 
220.  Ubw  of  the  Baxomatar.  A  knowledge  of  barometic  pres- 
sure is  of  great  importance  in  weather  forecasting.  The  govern- 
ments of  the  United  States  and  other  civilized  nations  maintain 
a  large  number  of  stations  where  records  of  the  barometer  are 
kept.  From  simultaneous  readings  over  a  wide  area  the  direction 
in  which  storms  (or  areas  of  low  pressure)  will  move  can  be  pre- 
dicted. Such  predictions  lead  annually  to  the  saving  of  thousands 
of  lives,  and  of  much  valuable  property  in  shipping. 
Since  the  atmospheric  pressure  is  less  at  higher  levels,  it  is 


|ioisible  to  ascertain  the  height  of  a  mountatn  by  observing  the 
auDOspheric  pressure  at  the  top  and  at  the  bottom.  Near  »ca- 
level  the  height  of  the  barometer  diminishes  by  about  o.i  inch 
for  every  80  feet  of  ascent;  but  as  the  elevation  increases  the  rate 
of  fall  diminishes  owing  to  the  g^reater  rarity  of  the  air. 

must  be  made  for  any  difference  of  temperature  at  the  t 

llaiioas  of  observation. 

3!L  Piemtre  and  Volnma  of  a  ICan  of  Oaa.    Common  obscrva- 

on  shows  that  added  pressure  on  a  mass  of  gas  diminishes  its 

aliiQie.    Thus,  in  pumping  up  a  bicycle  lire,  a  large  volume  of 

ir  from  the  atmosphere  is  forced  by  high  pressure  into  the  small 

TCluine  of  the  tire.     Conversely,  diminution  of  pressure  allows  a 

to  expand.     Against  the  pressure  exerted  on  a  gas  it  exerts 

equal  and  opposite  pressure,  so  that  it  is  immaterial  whether 

« speak  of  the  pressure  oh  or  pressure  of  a  gas. 

The  law  connecting  the  volume  and  the  pressure  of  a  gas  is 
etlremcly  simple  but  it  was  not  discovered  until  1663,  the  dis- 
wrertr  beiog  Robert  Boyle.     (Fourteen  years  later  Mariotte  re- 
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I  dscovered  the  same  law.)  The  volume  of  a  gas  at  constant 
t  ttnferalure  varies  inversely  as  its  pressure,  or,  denoting  the 
I  pressure  and  volume  by  p  and  v  respectively  pv=^3.  constant. 
I  Boyle  discovered  this  law  by  experiments  conducted  with  a  tube 


I 
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l»^  as  is  igmn  UQc  l^  JwftLf  ana  betag  ck^ed  and  c 
aiaiag  m  sad  ■uctj,  wMc  Ae  loaecr  was  open  and  w^s  filled 
to  iJijiuB  dcfChs  wjik  MLHtiy.  If  to  the  difference  of  level  i 
Ibe  twv  armt  Ae  hagltt  ai  Ae  axTCMtj  banxneter  at  tbe  time 
he  miitd.  the  i^  t>  profortitmai  to  the  pressure  on  tbe  air, 
wUe  tlK  lo^tfa  of  the  aS»  uLt-mJtd  bf  air  is  pfoportional  to  the 
vvkmoe  of  the  air.  Thus  be  dacorered  the  tnnfa  of  the  law  for 
pnssum  fFfffpng  an  atmospbere.  For  pressures  below  an 
alnwephere  be  med  a  stnigk  tobe  cootaioing,  initially,  air 
luefuujr  and  dosed  at  one  cod:  tbe  open  end  «-as  then  plunged 
into  3  deep  Tessd  of  nKTcary.  B<r  drawing  tbe  tube  to  differenl 
be^ts  ibe  %-oliinK  of  tbe  air  increased  with  diminishing  pressure. 
Tfans  Boyle  rerified  the  law  for  pressures  less  than  an  atmosphere. 

8S2.  DfiTiatioBS  fnm  Bo^'s  Law.  ^V'bile  the  law  stated  by 
Boyle  b  accurate  enough  for  all  ordinary-  practical  purposes,  care- 
ful tests  have  shown  that  it  is  not  perfectly  accurate.  The  most 
complete  tests  were  made  by  Amagat  (1880),  who  employed  an 
apparatus  of  the  same  type  as  Boyle's  first  apparatus  but  witli  a 
tube  of  great  length  in  a  mine  shafL  He  found  that  in  the  case 
of  air,  while  the  pressure  is  being  increased  from  one  atmosphere 
to  about  78  atmospheres  pv  steadily  diminishes  until  its  value 
is  .98  of  its  value  at  one  atmosphere.  Thereafter,  with  increas- 
ing pressure,  pv  increases  so  that  at  3000  atmospheres  it  has  a 
value  4,2  times  its  initial  value.  In  the  first  stage  (that  is  up  I 
78  atmospheres)  v  decreases  more  rapidly  than  Boyle's  law  would 
indicate;  thereafter  it  decreases  less  rapidly,  so  that  at  3000 
atmospheres  its  volume  is  4.2  times  what  it  would  be  if  Boyle's 
law  were  perfectly  accurate.  (It  may  be  noted  that  at  3000  atmo- 
spheres air  has  a  density  of  .93,  nearly  equal  to  that  of  water; 
while  the  density  of  liquid  oxygen  at  its  critical  pressure  is  about 
.7  and  that  of  liquid  nitrogen  about  .4.) 

Other  gases,  excepting  possibly  hydrogen,  show  similar  devia- 
tions from  Boyle's  law;  but  the  pressure  at  which  pv  h  a  mini- 
nuiiii  is  widely  different  for  different  gases,  and  so,  too,  is  the 
Miugnitudc  of  Ibis  minimum  value  of  pv. 

SmninE  with  Ihe  view  Ibat  11  g^s  consisis  of  flying  particles  (he  impact 
^hich  producvi  ihe  pressure  observed  in  a  gas,  Van  der  Waals  deduced 


it  fotlotring  fonniiU  which  agrea  very  well  with  Ihe  results  of  Aniagat's 


tl  cooslaat  temperaluic.  □  and  b  beintr  conitaota  tbat  are  different  for 
diStrcnt  gases.  The  Icnn  0/1/*  added  to  f>  represents  the  inlernal  pressure 
uuKd  bj  tbe  altraclion  between  the  inoleK:uIes;  this  allraction  is  e<|uivalcnl 
10  s  cenaJn  added  outside  pressure  in  diminiihing  the  volume  oE  (he  gas. 
To  undetstaDd  the  meaninK  of  Ihc  c|uanlily  b  snblracted  ftom  v.  notice 
ttal  in  Boole's  taw  infinitely  great  pressure  should  reduce  the  volume  lo 
Kto;  but  if  the  molecules  have  any  volume  of  their  own,  however  amall. 
tti>  would  be  impossible.  The  value  of  b  is  for  any  gas  praportional  lo 
lit  actual  volume  of  the  molecules  as  distinct  from  tbe  space  or  volume 
V  in  which  tliey  move. 

2S3.  Modulus  of  Elasticity  of  a  Qas.  The  shear  modulus  of  a 
gas  being  zero,  a  gas  has  only  one  modulus,  namely  Ihe  bulk 
modulus,  and  this  is  (vi'hen  the  gas  is  kept  at  constant  tempera- 
ture) simply  equal  to  the  pressure,  p,  of  the  gas.  This  is  seen 
irom  Boyle's  law.  For  when  the  pressure  is  p  and  the  volume 
f,  let  an  additional  small  pressure  x  be  applied  and  let  the  volume 
be  thereby  reduced  by  the  small  quantity  s,  then  by  Boyle's  Law 

(p+x){v  —  t)=pv; 

■  if  we  neglect  the  product  of  the  small  quantities  x  and  s 

vx  =  pa 

)fow  the  bulk  modulus  is  the  increase  of  pressure  x  divided  by 
Ihe  proportional  decrease  of  volume  z/v,  and  from  the  last  eqiia- 
Ifcin  this  is  equal  to  p. 

221.  Buoyancy  of  a  Gae.  A  body  such  as  a  balloon,  lighter  than 
the  volume  of  air  which  it  displaces,  will  ascend  i 
leleased,  The  force  giving  it  an  acceleration  upwards  equals  the 
iifference  of  its  weight  and  the  weight  of  the  air  which  it  dis- 
Lces.  If  it  rises  to  such  a  height  that  its  mean  density  equals 
!  density  of  the  rarefied  atmosphere,  it  will  not  ascend  unles 
lightened  by  casting  some  of  its  load  overboard.  A  large  ma 
iisplaces  about  J  lb.  of  air.  When  a  body  is  weighed  in  air  with 
jreights  that  are  supposed  correct  H  used  in  a  vacuum,  the  true 
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tMlshi  V)|  lh«  bo4y  will  twl  be  obtained  unless  correction  be  mvlc 
(or  tiie  erf«vt  »<  llw  Uwywicy  o(  the  »ir. 

Stt.  HUMMMn.  A  mMiMiKtcr  jt  in  apparatus  for  roeasoring 
llic  |ii(4iiUTc  i\J  a  rtuid  In  Ihc  aimplcst  form  the  pressure  to  be 
iiicuuictl  ii  iMiUui-nl  kjgainai  the  pressure  of  a  column  of  liquid 
ill  a  lutw.  Thit  i*  nUed  Ibe  «/^m  'mA^  manometn'  or  sipboa 
ItAilgv.     I  h«  {uvuui*  U  found  from  the  difference  of  level  of  Ac 


litjiiiO  iit  the  two  aruu  and  the  drnsiir,  p,  of  the  liquid. 

lute  unita  uf  forve  f^gfK  xihitc  in  the  weight  of  unit  mass  as 

unit  ol  Iture  ^  — ^ 

In  «m>lher  nanometer  (b«  pressure  to  be  messured  15  balanced 
against  that  ol  a  gas  (usually  air)  in  a  luufonn  closed  htbt.  By 
Boyle's  l^w  the  |ir«S3urt  Is  inversely  as  the  volume,  that  is  in- 
versely a*  the  teit{th  of  the  air  colnnm. 

In  itiHinlwi'j  rrrwwY  Gaitgt  a  hollow  tube  ol 
UKlal  having  an  elliptical  cross-section  is  bent 
into  an  arc  of  over  iSo*.  One  end  of  the  tube  ia 
closed.  When  the  fluid  of  which  the  pressore  i> 
to  be  measured  is  admitted  to  the  open  end,  the 
curved  tube  will  become  less  ctmred  Dodcr  in- 
creased pressure  and  more  curved  under  de- 
creased pressure.  An  index  moving  over  a  scale 
is  attached  to  the  free  end.    The  actkm 
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D  the  fact  that  the  pressure  tends  to  increase  ihe  interior  volume 
of  the  tube;  and,  since  a  circular  cross-section  allows  of  more 
volume  than  an  elliptical  one  for  a  given  periphery,  the  section 
will  under  increased  pressure  tend  to  the  circular  form  and  the 
thangc  of  form  of  the  cross-section  causes  the  change  of  shape  of 
ihe  tabe. 

2Se.  ViBCOsitj  of  Oases.  The  viscosities  of  gases  are  small 
compared  with  those  of  liquids.  Thus  the  viscosity  of  air  is  about 
^  of  that  of  water.  While  the  viscosity  of  air  is  small,  it  is 
sufficient  to  retard  greatly  the  fall  of  small  particles  of  dust  and 
small  drops  of  water  such  as  constitute  a  cloud.  At  the  height 
of  a  cloud  where  the  air  is  about  one  thousand  times  less  dense 
Ihan  water,  a  drop  of  waler  one  thousandth  of  an  inch  in  diameter 
falls  about  0.8  inch  per  second,  while  a  drop  one  ten -thousandth 
of  an  inch  in  diameter  falls  about  one  hundred  times  more  slowly 
or  about  0.5  inch  in  a  minute.  For  large  drops  such  as  consti- 
tute rain  the  viscosity  of  air  offers  practically  no  resistance;  the 
resistance  which  prevents  such  drops  attaining  enormous  veloci* 
ti«  is  the  inertia  of  the  air. 

The  viscosity  of  a  gas  increases  when  its  temperature  rises, 
which  is  the  opposite  of  the  case  with  liquids.  The  viscosity  of 
ii  gai  at  constant  temperature  does  not  change  appreciably  when 
I-  density  is  altered  by  change  of  pressure. 

227.  Tbfl  Kinetic  Theory  of  Quies.  The  view  that  a  gas  consists 
''  a  myriad  of  particles  in  incessant  motion  may  be  regarded  as 
■nidy  established.  The  evidence  for  this  belief  is  that  we  can 
'■■'m  it  deduce  nearly  all  the  properties  of  a  gas,  and  the  agree- 
"'Mt  between  these  deductions  and  the  observed  facts  could  hardly 
''■:  i  mere  accidental  coincidence.  As  we  do  not  yet  know  the 
■iiiails  of  the  structure  of  the  particle's  of  which  a  gas  consists, 
'^cre  are  some  properties  of  a  gas  which  we  cannot  yet  deduce 
i""in  this  theory.  A  single  contradiction  between  the  numerous 
inown  properties  of  a  gas  and  the  deductions  made  from  the 
licory  would  be  fatal  to  the  latter;  no  such  contradiction  has  ever 
i'l-tn  found. 

\i  an  illualration  of  the  way  in  which  the  theory  accounts  lot  the  prop- 
r^ira  at  s»tta  we  shall  ibow  that  it  explains  Boyle's  Law. 
Mart  doing  so  we  must  state  the   theory  more   in  detail.      TTle   tol- 


1G4  MECHANICS   AND  THE   PKOPERT1ES  OF  ItATTZK. 


[nwini,  whili  an  Incomplete  ataleineat,  wiD  be  Bofieicat  for 

(a)  A   ilngtt   KU   conii(t>   of    particles  all  of  ibe  tame   d 

rsiidoni  dlr«ci)aii*i  (b)  when  the  particle*  impingE  00  oac  ■ 

llif  wall*  of  ttio  veiiel,  they  rebound  like  aniooib  spkerei  witk  a  o 

lit  letlliutlnn  of  unity;   (c)  untcia  a  gai  it  greatly  condCDial.  the  p 

ara  tt   far  apart  compared  with  their  dimenaiBU  that  the;  do  not  e 

■oy  ■iipreclalile  force  un  <me  anuilier  except  at  impact.      I:  wjll  be  mtia 

Ihm  wi  ilo  nut  aiiutne  that  the  velocities  of  all  the  particles  are  tkc  a 

and  In   (act  there  i*  |[ooil  iiround  far  believing  ibal  the  *elociti«9  d 

ci>n«<d(tabl)'. 

I'or  «linpllcity,  connlder  a  gAt  contained  in  a  reeianeiilar  tessel  ( 
«dH*a  of  which  are  a,  b  and  c  in  length,  and  let  ^1  and  A^  each  of  a 
be,  lie  perpendicular  to  the  edges  of  length  a.  Let 
ftnl  ha  our  alteniion  on  some  particular  partide  wU 
lias  a  velocity  1/  in  soToe  direction.  V  may  be  raol* 
Into  three  components  11.  v.  u',  in  the  directions  of 
edgfii  renpeclively,  u  being  in  the  direction  of  the  a  s 
Sii|)poie  the  particle  lo  impinge  on  the  side  ^,.  The  for 
llint  It  will  exert  on  that  side  at  impact  will  depend  on  i 
miti  and  on  u,  not  at  all  on  f  and  «'.  If  il  impinged  wilhoul  Tcboundil 
It  would  |(lva  nioniintum  ei|u«l  lo  its  mass,  m.  multiplied  by  t 
Iliit  It  relioundi  with  a  velocity  the  component  of  which  perpendicutar 
/I,  la  u  In  the  opiioilte  direction :  hence  the  momentum  it  give*  t 
ttitM,  Let  US  now  tuppoie  for  the  present  that  it  reaches  A,  without  il 
pltiglng  on  any  other  particle :  tor  this  it  will  reijuire  o/u  seconds. 
It  will  r«l>uund  with  a  vc1ocil]r  the  component  of  which  perpendicular 
Ai  ll  H,  and  will,  aupposlng  It  to  encounter  no  other  particle,  reach  4 
In  lima  aa/u  when  it  will  again  rebound.  Hence  in  every  second  it  1 
Implnae  u/iii  times  on  .4,,  and  in  every  second  it  will  give  to  A,  mom 
luin  tmU'U/»a,  or  iriiVu.  The  total  force  exerted  on  A^,  that  is  the  i 
maiiluin  imparted  lo  A^  per  aecond.  is  the  sum  of  mu'/a  for  all  the  p 
llclts,  and  lo  And  the  (iresiute  p  on  A,  we  must  divide  this  sum  by  the  a 
nf  At.  namely  he.     Hence 


o 


■  ■) 


l.rl  at  nnw  drniilc  the  total  numhcr  of  parlicles  in  the  vessel  by  N.  1 
the  number  per  unit  volume  by  n.  Since  abc  is  the  total  volume  of 
vcMcl,  Kttbc  r:  N.     Hence 


The  product  nin  ia  the  mass  of  all  the  partii 


it  volume,  that  is  tb 
erage  value  of  11'  for  all  the  il 


tt  Ike  fiticlCT  aic  menimg  •mhallf  at  mjam.  ika  Bxcitl 
■(  ^.  f*  wd  1^  an  aO  «v*>l  aad  the  nloc  «f  ndk  h  tb«c<«««  | 
•nrafc  i^K  of  r*  vtedb  we  Bar  dcMM  W  ^*      Hcacc 


r  be  the  iiiImbii  af  a 


Tie  teal  kncfic  cBCTzr  ^f  tnndalioM  at  ibe  ■••  ia  At  mm  of  the 
aeries  of  tnmtlatioB  of  all  tke  particles  awl  ii  evideolljt  niaal 
»  ilty  ■»  I  ^.  Now  Uierc  i*  good  reason  t«  belie*e  (I  jjo>  tkal  t(  the 
lire  of  ■  E>i  is  consUni.  this  kinetic  enencT  >■  constant.  Hence 
>e  product  of  the  prc-Bsnre  and  voluine  of  a  gai  al  comlanl  lempcrature 
I  (ottituit,  and  ttu*  U  Bork'i  Law. 

la  the  abore  wc  luve  nc^Iecied  the  fact  ibal  a  |i«rticlc  nay.  during  iti 

%  between  /I,  and  .-4^  impinge  on  olhef  [uiticles.       U  nich  an  im- 

M  lake  place  between  two  panicles  moving  nloog  a  line  perivenilicolar  to 

1,  ud  A^  the  particles  will  exactly  exchange  Ibeii  Tclocities  (1  174).  *ince 

&Q  ire  of  the  same  mass :  and  the  second  panicle  will  ibcTefote  have  in 

K  a-dircclioii  a  compoDcnt  equal  to  that  of  the  fint  particle  before  impact. 

u  the  second  particle  will  take  the   place  of  the  first  in   ibe   process 

cribed  above.     When  ihe  immense  number  of  particles  and  the  rantttiii) 

are  of  ibeir  motions  are  considered,  it  is  seen  that  the  effect  Is  the  same 

■  il  all  Ibc  impacts  were  in  the  directions  of  ■.  t<.  and  ir. 

22s.  Ocdnsum  ud  Surface  Oondenution.  When  a  gas  is  in 
eoniact  with  a  solid  there  are  molectilar  forces  drawing  the  par- 
fries  logether  and  these  produce  more  or  less  condensation  of  the 

IS  on  the  surface  of  the  solid.     This  makes  it  impossible  to  re- 
e  the  last  traces  of  a  gas  from  a  glass  vessel  by  means  of  an 

r  piimp.  Il  also  accounts  for  th«  fact  that  when  a  figure  is 
'*fKed  on  a  sheet  of  glass  by  a  stick  the  figure  will  appear  when 
tte  glass  is  hreathed  on.  The  breath  condenses  more  readily  on 
of  the  glass  that  has  been  freed  from  condensed  gas  by 

le  scraping  of  the  stick. 

A  porous  solid  is  readily  permeated  by  3  gas  and  condensatii 
n  the  surfaces  of  the  pores  takes  place.    This  is  called  occh 


ras  by  I 

satio^^^^l 
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\  cry  porous  wood-charcoal  will  absorb  nine  volumes  of  oxygen, 
thirty-five  volumes  of  carbonic  acid  and  ninety  volumes  of  am- 
monia per  volume  of  the  charcoal,  and  cocoanut-charcoal  will 
absorb  still  more.  This  is  why  charcoal  is  so  useful  as  a  deodor- 
izer. Platinum  in  the  porous  form  called  platinum  sponge  will 
absorb  250  times  its  own  volume  of  oxygen.  Palladium  will  ab- 
sorb more  than  one  thousand  volumes  of  hydrogen.  Its  own 
volume  is  thereby  increased  by  about  one-tenth.  The  hydrogen 
is  therefore  reduced  to  one  thousandth  of  its  original  volume;  to 
produce  such  a  condensation  by  pressure  alone  would  require  a 
pressure  of  several  tons  per  square  inch. 

229.  Diffusion  of  Gases.  Gases  on  accotmt  of  their  greater 
mobility  diffuse  much  more  rapidly  than  liquids.  When  two  ves- 
sels containing  different  gases  are  connected  by  a  wide  tube  dif- 
fusion proceeds  with  great  rapidity  and  in  a  short  time  each 
gas  is  found  distributed  in  both  vessels  as  if  the  other  gas  were 
not  present.  If  one  of  the  gases  be  a  colored  gas  such  as  chlorine 
the  process  of  diffusion  can  be  observed  As  regards  the  final 
result  each  gas  acts  to  the  other  as  a  vacuum,  but  in  the  process 
of  diffusion  each  gas  retards  the  other.  Gravity  also  plays  some 
part  in  the  process  though  not  in  the  final  result  Thus  if  the 
gases  be  hydrogen  and  carbon  dioxide,  the  final  mixture  is  at- 
tained more  rapidly  when  the  carbonic  acid  is  in  the  higher 
vessel. 

In  the  process  of  diffusion  of  two  gases  into  one  another  each 
gas  follows  the  same  law  as  holds  for  the  diffusion  of  two  liquids, 
that  is  each  gas  diffuses  from  places  where  the  concentration  of 
that  gas  is  great  to  places  where  it  is  less  and  the  rate  of  dif- 
fusion is  proportional  to  the  rate  of  fall  of  concentration. 

To  illustrate  the  rate  of  diffusion  of  gases  it  may  be  stated  that, 
if  a  vertical  cylinder  2  feet  high  have  a  layer  of  carbon  dioxide 
at  the  bottom  occupying  one-tenth  of  the  volume  of  the  cylinder, 
while  the  rest  is  occupied  by  air,  the  mixture  will  be  practically 
complete  in  about  2  hours.  The  time  required  in  such  a  case  is 
proportional  to  the  square  of  the  height;  hence,  if  the  dimensions 
had  been  one-tenth  as  great,  the  same  result  would  have  been 
attained  in  1.2  minutes. 

230.  Effusion  and  Transpiration  of  Gases.    When  a  gas  passes 
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tfanrngh  a  small  aperture  in  a  very  thin  plate  the  process  is 
talM  egusion.  Different  ^ses  escape  from  such  an  aperture 
It  Tery  different  rates.  The  rate  of  effusion  may  be  deduced  from 
ihe  principle  of  energy.  Each  part  of  the  gas  as  it  escapes  has 
1  certain  velocity  and  therefore  a  certain  kinetic  energy,  and  this 
must  equal  the  work  performed  by  Ihe  pressure  in  the  vessel  in 
fordng  the  gas  out.  Let  p  be  lh«  excess  of  Ihe  pressure  in  the 
WBd  over  the  external  pressure.  During  the  escape  of  a  small 
wlnaie  a  of  the  gas  the  pressure  p  does  the  same  amount  of  work 
uif  it  had  pushed  out  a  piston  in  a  cylinder.  Hence  (§  195)  the 
"idi  done  is  pa.  If  the  density  is  p  the  mass  of  the  volume  a 
of  the  gas  is  ap.  and  if  its  velocity  is  v  its  kinetic  energy  is  Jupt/. 
fi^iQiling  the  work  done  to  the  kinetic  energy  which  it  produces. 


=v? 


li 


Thni  the  rate  of  escape  is  directly  as  the  square  root  of  the  pres- 
Wre  and  inversely  as  the  square  root  of  the  density, 

Bunsen's  method  of  comparing  the  densities  of  gases  consists 
in  comparing  their  rates  of  escape  through  the  same  aperture 
nnder  the  same  pressure. 

In  establishing  the  above  formula  we  have  supposed  that  no 
"Qtk  is  done  against  internal  friction  such  as  there  would  be  if 
the  escape  were  through  a  tube.  The  wall  of  the  vessel  was 
supposed  very  thin  so  that  the  diameter  of  the  opening  might 
te  larger  than  the  thickness  of  the  wall.  Yet  even  in  this  case 
'f'tfe  is  some  slight  viscous  friction.  This  friction  is  different 
'Or  different  gases ;  hence  the  above  simple  formula  does  not  give 
""*  ratio  of  the  densities  very  accurately.  When  a  mixed  gas 
**Mpes  by  effusion  the  composition  of  the  escaping  gas  is  not 
altered  as  it  escapes. 

When  a  gas  escapes  through  a  tube  of  small  bore  the  process 
"  called  transpiration.  In  this  case  there  is  a  resistance  due  to 
f>e  viscosity  of  the  gas  and  the  rate  of  escape,  for  small  differ- 
ences of  pressure,  is  proportional  to  the  difference  of  pressure, 
"ot  as  above  to  the  square  root  of  the  difference  of  pressure. 
The  composition  of  a  mixed  gas  is  not  altered  by  transpiration. 
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When  a  gas  escapes  through  a  porous  partition  in  which  the 
pores  are  very  small,  such  as  fine  unglazed  pottery-ware,  the 
circumstances  are  different  from  those  of  the  above  cases.  The 
pores  are  comparable  in  size  with  the  molecules  of  the  gas  and, 
as  might  be  expected,  the  rates  of  escape  of  different  gases  are  so 
different  that  the  constituents  of  a  mixed  gas  escape  at  different 
rates.  This  affords  a  method  of  partially  separating  the  con- 
stituents of  a  mixed  gas,  and  as  the  process  may  be  repeated 
several  times  the  separation  may  be  made  nearly  complete.  By 
this  process  it  has  also  been  possible  to  show  that  the  molecoles 
of  a  single  gas  are  all  of  the  same  size,  since  no  separation  can 
be  produced  by  the  above  method 

231.  Pusagft  of  ft  Oaa  tltroiiA  Knbber.  Some  gases  also  escape 
through  membranes  such  as  rubber  and  wet  parchment,  in  which 
there  are  no  pores  in  the  ordinary  sense.  The  gas  is  dissolved 
by  the  membrane  on  one  side  and  given  up  on  the  other  side, 
so  that  the  passage  through  the  membrane  is  a  diffusion  from 
parts  of  the  membrane  where  the  concentration  is  greater  to  parts 
where  it  is  less.  The  same  is  true  of  the  passage  of  a  gas  through 
a  film  of  liquid.  In  a  somewhat  similar  way  hydrogen  will  pass 
through  red-hot  platinum  and  iron. 

232.  DUftulon  of  Uatala.  Gases  diffuse  rapidly,  liquids  less 
rapidly  and  many  solids  such  as  gold,  lead,  silver,  platinum,  tin, 
etc.,  also  diffuse  though  extremely  slowly.  The  rate  of  dilTusion 
is  larger  at  high  temperatures  and  has  been  shown  by  placing 
disks  of  two  metals  in  close  contact  and  keeping  them  for  some 
time  at  a  temperature  much  below  the  melting  point  of  either: 
After  they  were  separated  analysis  showed  the  presence  of  each 
metal  in  the  other.  In  the  case  of  gold  and  lead  disks  kept  at 
ordinary  temperatures,  the  diffusion  in  several  weeks  was  suffi- 
cient to  be  detected. 

233.  Fnmpa  for  Ll^iiids.  The  oldest  form  of  pump,  or  suction 
pump,  consists  of  a  piston  moving  in  a  cylinder  or  barrel  which 
is  connected  with  the  well  by  a  pipe.  In  the  pipe,  or  at  the  top 
of  the  pipe,  there  is  a  valve  called  the  inlet  valve  which  can  open 
towards  the  cylinder  but  not  in  the  opposite  direction;  and  in 
the  piston  there  is  a  valve  called  the  outlet  valve  which  can 
open  outwards  but  not  inwards  towards  the  cylinder.    When  the 
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pincm  is  first  raised  Ihe  air  in  Ihc  cylinder  cx- 

":inds  and  its  pressure  diminishes.     The  outlet 

■■  live  closes  owing  to  ihe  excess  of  pressure  on  F  " 

Ihc  outside  and   for  the   same  reason   the   inlel  Vl 

nlve  opens  and  air  from  the  suction  pipe  cnlers  ^ 

Ihe  cjlinder.     Thus  the  air  in  the  suction-pipe  is 

rarefied  and  the  greater  atmospheric  pressure  on  ^ 

the  water  in  the  well  forces  water  some  distance 

up    the    suction-pipe.     After    some    strokes    the  i 

water  enters  the  cylinder  and  flows  out  by  the       .,_ | 

nutlet  valve.  ^^^S^^ 

Since  it  is  the  pressure  of  the  atmosphere  that  — --i^^-^^i=.— 
raises  the  water  in  a  suction-pump,  water  cannot  "'"'  ''  '"^'*'" 
be  raised  by  this  means  higher  than  atmospheric 
pressure  will  raise  water  in  a  vacuum;  and  since  the  density  of 
water  is  to  that  of  mercury  as  i  to  13.6,  it  follows  that  the  maxi- 
mtim  theoretical  height  is  13.6  limes  the  height  of  the  mercury 
in  a  barometer  or  about  34  feet.  The  practical  limit  of  suction- 
pumps  is  considerably  less  than  this,  owing  to  the  presence  of  air 
in  water  and  to  the  difficulty  of  making  the  contact  between  piston 
and  pump  air-tight.    When  water  is  to  be  raised  to  a  greater 


Tdghl  a  force-pump  is  used.  This  differs  from  ihe  suction-pump 
n  the  (act  that  the  outlet  valve  is  not  in  the  piston  hut  in  a  side 
tube  connected  lo  the  cylinder  near  the  inlet  valve.  During  each 
Aiwnward  stroke  of  the  piston  waler  is  forced  up  this  side  tube, 
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and  the  height  that  may  be  reached  wUl  depend  on  the  force  that 
can  be  applied  to  the  piston  and  the  maximum  pressure  that  the 
pump  vfill  stand  without  breakage  of  some  part 

The  outflow  from  the  delivery  tube  of  a  force-pump  as  de- 
scribed above  would  be  intermittent;  but  it  may  be  rendered  more 
nearly  continuous  by  means  of  an  "air  chamber/'  in  which  air, 
being  put  under  pressure  by  the  water  forced  in,  exerts  con- 
tinuous pressure  on  the  outflowing  water  (Fig.  128). 

234.  The  SiphoiL  The  siphon  is  a  bent  tube  for  removing 
liquid  from  a  vessel.  The  tube  is  filled  with  liquid  and  is  then 
inverted  and  one  end  A  is  immersed  in  the  liquid  while  the  other 
end  C  is  kept  closed.  When  C  is  opened  liquid  flows  through  the 
tube  and  out  through  C  so  long  as  the  C  is  below  the  level  D  of 
the  surface  of  the  liquid. 

To  explain  the  action  of  the  siphon  let  us  consider  the  pres- 
sure on  the  liquid  at  C  before  the  end  C  is  opened    If  the  differ- 
ence of  level  of  D  and  C  is  h  the  pressure  on 
the  liquid  at  C  is  greater  than  atmospheric  pres- 
sure by  gph.    Hence  when  C  is  opened  the  ex- 
cess of  pressure  inside  causes  a  flow  and  the 
flow  continues  so  long  as  C  is  below  the  level  of 
D  and  A  remains  immersed.    A  siphon  will  not 
^    act  if  the  highest  point  B  of  the  tube  is  at  a 
ic.  129.     ip  on.  gj.g2^^gj.  jiejgjit  above  the  level  of  D  than  the 

height  to  which  atmospheric  pressure  will  force  the  liquid  in  an 
exhausted  tube. 

235.  Air-pumps.  The  first  pump  for  removing  air  from  a  ves- 
sel was  invented  by  Otto  von  Guericke  (in  1650).  It  was  essen- 
tially a  suction  pump  like  that  used  for  water,  the  only  difference 
being  the  closer  fit  of  piston  required  to  prevent  leakage  in  the 
case  of  a  gas.  The  degree  of  exhaustion  that  can  be  attained 
by  such  a  pump  is  low.  The  flap-valve,  at  the  end  of  the  suction- 
tube,  will  not  act  automatically  when  the  pressure  in  the  receiver 
has  become  very  small.  For  this  reason  a  conical  plug  carried 
by  a  rod  that  passed  with  some  friction  through  the  piston  was 
substituted.  Another  difliculty  is  caused  by  the  fact  that  the  piston 
cannot  be  made  to  fit  the  lower  end  of  the  cylinder  with  perfect 
accuracy  so  as  to  expel  all  the  air  drawn  from  the  receiver  into 


I 


ilic  cylinder.  The  latter  defect  has  been  remedied  in  a  pump 
railed  llie  deryk  pump  which  has  recently  come  into  favor. 

236.  Herctii7  Pumps.  When  a  very  high  vacuum  is  needed 
glass  pumps  are  used  in  which  mercury  plays  a  part  somewhat 
analogous  to  that  of  a  piston.     Of  these  there  are  two  chief  forms. 

In  Toeplcr's  form  (Fig,  130)  a  glass  bulb  A  is  connected  by  a 
flexible  tube  with  a  mercury  reservoir  B  which  can  be  raised  and 
lowered.  A  tube  D  connects  the  bottom  of  A  with  the  vessel  to  be 
exhausted  while  a  long  tube  F  is  joined  to  the  top  of  A  and  dips 
into  3  vessel  of  mercury  G.     As  B  is  raised,  mercury  begins  to 


y^ 


ii 
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flow  into  A,  sealing  the  connection  of  A  with  D ;  as  B  is  raised 
higher,  mercury  fJows  into  A  and  D  expelling  the  gag  through 
the  mercury  in  G.  When  B  is  lowered,  mercury  rises  in  F  and 
prevents  the  return  of  air  through  F;  the  connection  between 
D  and  A  is  unsealed  and  gas  flows  from  the  vcase 


•\_. 
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irili)  ,'i.     'I'liiti  na*  in  cx|)cllc(1  wlicn  B  is  again  raised,  ani)  so  o 

Tlie  iiidr  lutic  H  prcvrnW  the  sudden  inrush  of  gas  into  the  Iwtto 

uf  A  UN  n  is  lowrrcil  and  thus  saves  A  from  danger  of  breakaga 

Ity  vuriuiis  mechanical  devices  the  labor  of  raisa 

I  4  and  luwcring  B  may  be  reduced  or  eliminated. 

"  In  S|ircngcr»  air-pump  (Pig.  131)  mercury  fallinf 

In  a  lube  hrrnks  into  short  columns  and  betwed 

cncli   two  the    air  is  catight  and  carried   into  tb 

mercury    in   a    beaker    from  which  it   bubbles  inb 

ihi;  uir.     This  pimip  is  made  in  various  forms,  on 

iif  the  simplest  being  that  shown  in  the  diagram. 

Hunscn's  aspirator  is  a  form  of  Sprengel's  pump 
adapted  for  use  on  a  water  supply.  A  tube  con- 
uecled  with  Ihe  vessel  to  be  exhausted  is  sealed  intfl 
I'lu.^  ij*.  liim-  jin  elongated  bulb.  The  water  is  forced  into  the 
"'"  *"'  '  "  bulb  and  in  escaping  through  the  lower  open  end 
of  the  bulb  it  drags  the  nir  out  of  the  tube  along  with  it.  With 
NuOieicnl  water  pressure  a  vacuum  of  almut  two  centimeters  (mcr- 
cury  i^nge)  may  be  obtaiuetl  by  menns  of  this  aspirator. 

TKOBLEMS. 

MlvlMHtCS. 

1.  A  liain  arquiro  8  mlniilFi  ■((cr  itartlnG  ■  velocity  ol  64  km.  per 
Awuininii  raniitani  aMelritiloii,  what  ii  tl)«  distuncc  iiassed  ova  d 
the  slh  Rilnule? 

8.  A  train  having  a  ip«td  o(  to  km.  prr  hour  U  hraughi  to  rest  by  tirakea 
in  a  diatancr  of  Sua  m.     What  !■  the  acceleration  (auumed  constant)? 

9.  What  la  the  final  ipccil  of  b  boity  wbich.  niAviiig  with  uniform  accel- 
eration iravtli  jt  meten  In  4  minutes  if: 

(a)  the  initial  apt^  =  o? 

(b)  the  initial  speed  =  is  cm.  iiet  sec? 

4.  A  body  i>  projected  at  an  uiitle  of  jo"  with  ike  boriion  with  a  vdodv 
o(  JO  ui.  pet  sec.  \Vben  and  vhcre  will  ii  ag^ia  mcM  this  horuontd 
plane?    How  far  will  it  ascend? 

ft,  A  body  alidei  down  an  inctinnl  plane  and  in  the  jd  sec  dncrihei 
no  cm.    What  is  the  intlinAlion? 

6.  What  initial  ventcal  velocity  mml  •  ball  have  in  order 
to  its  starting-point  in  10  sec? 

T.  At  what  ant'*  *)*h  the  shore  mast  a  boat  be  directed  in  otder  M 
leach  a  point  on  the  other  shore  directly  opposite,  if  the  apced  at  the  bait 
he  4  miles  per  hour  and  that  of  the  stream  be  j  miles  pet  hour? 

8,  If  ■  IiKomottn  driTiaciihed   1.5  m.  in  diameter  mains  tSP  molw 
tioas  per  miDutc.  what  is  the  mean  linear  speed  of  a  poiol  ob  Ac 
Of  the  point  when  it  is  hiehest?     When  it  is  lowest? 


■  ft  ■Hi Hi  ^ait.  T«  wkM  HMoknttion  U  It  iul<>r 
M.  VWl  ^^ar  ««l>cil7  wnM  ■  boy  |j«-  «  ilim 
Mdn  tk«  tkc  MooB  ikaO  not  fall  Mt  of  tb*  ttintf  ' 

U.  Oh  «Bd  ■!  s  ee*t*ia  ml  to  «)«ii4w>t  11  ih*  otbcf  rnJ  It  pull«4  J 
!»■  IB  ■iiw>l  yritiaa  »»i  tbn  rtlewd.  it  itoin  »iih  <kn  ■cttlciU' 
M  <M.  fs  nc  p«r  MC.     Whu  1*  At  pctioO  of  itt  Tibialiiin  ^ 

IL  nc  h>ki>rf  •■hrifl  af  ■  watch  nuke*  j  comiikto  lilualloiM  ll 
*""  "  '        '    1  wiir   it   lUrl    when   luriml    jn"    f 


I  unlirailon  ul  ivo 


1  iipoii  llw  Hour  •! 


I.   iwc   • 


MMM  acceleration  r 

U.  A  loR«  »f  1000  drnta  >cl>  npoa  ■  miM  ol  lu  ■•  lor  i  n 
■thdo  atuMlri  and  the  apace  puaed  over  in  ihla  tiiUb 

!&■  A  tbot  wcigfciaB  lo  Ifaa.  ii  that  fnin  a  cub  WFinhlni  j 
afti*)  vdodtr  of  I900  fc«t  twr  »k-      What  is  ibn  Initial  Tclxcltr  « 
t«i>a? 

16>  A  Haxim  sim  delivtra  jud  t-Oi*.  buUcia  prr  mlnut*  wlih  a 
1*00  (eel  per  *ec.    What  force  i»  ncceMary  to  hold  ihe  tun  Mill ' 

17.  A  bar  6  ft  loni  and  pivoivcl  at  the  iiii.Ule  ha*  a  «d|h1  iif  n  lU, 
kiBc  M  one  extranity.  What  ii  the  moment  oi  the  wrUiht  (a)  wtini  tha 
lot  a  borizoalal,  {b)  whni  ll  make*  an  aniile  n(  40*  beluw.  KII1I  (i-l  nl  ni." 
abort  with  the  boriiontal  poailion? 

IB.  If  ii  i(  *ithed  to  aiMci  ■  tall  r»lumri  l>y  a  rop«  ol  given  Itniih  inilleit 
from  the  ground,  where  Uiould  it  be  apiilied  ? 

IS.  Parattel  forces  of  lu  anil  6,  Inji  In  opiKiiitt  illrei'tloni.  ar*  api'lleil  In 
•  har  ■!  dinaoces  of  8  and  ]  from  one  etid.  What  li  the  maKiilluiJi-  ul  iln' 
mnliani  sod  where  does  it  act  f 

20.  Two  equal  parallel  forcea,  each  50  dynes,  act  In  oppoalla  direction!  •( 
tbe  enda  of  a  bar  to  cm.  lonK.  The  liar  make*  an  anale  of  4J'  wllh  lliv 
•fiiecliaD  of  the  foTC«.     What  ia  the  momenl  of  the  coupled 

ZL  A  skater  deacrllm  a  circle  n(  radlu*  in  m.  with  n  apeed  nf  1  m.  prr 
Kc    At  what  angle  must  he  be  inclined  to  the  vertical  F 

22.  A  man  and  a  boy  carry  a  weltiht  of  lo  kg.  between  (hern  by  iiitaii*  ■>! 
1  ooifonn  pole  3  m.  long,  weighing  S  kg.  Whrre  muil  Ibi  weight  li«  lilmr-l 
M  Ihat  (be  man  may  carry  twice  a*  much  of  Ihe  whale  weifhl  an  (hr  ii'if  f 

ZS>  A  rod  (m  =:  100  g..  (^=40  cm.)  hang*  frum  a  binge  un  a  vrrtlcat 
nil  and  reus  on  a  smooth  Itoor.  Calculate  Ibe  pressure  on  the  Hoot  and 
ihe  (orce  on  Ihe  hinge. 

H.  A  unifocm  ladder  30  feet,  lonji  test*  with  Iba  upper  end  agaiTial  n 
nnoolh  vertical  wall,  and  the  lower  end  i*  prevenleil  from  illpping  by  a 
prg.  If  Ihe  inclination  of  the  laddrr  lo  Ihe  borixon  be  jo*,  And  lbs  prr* 
lure  on  the  wall  and  at  Ihe  peg.  the  ladder  weighing  loo  Ibi. 

26.  Three  forcrs.  5,  11.  ts  arc  in  oiuililiriuni.     I'ind  Ihe  angle*  liclwcen 

28.  A  nnifotm  stone  lower.  S  ft.  in  diameter,  inrlint*  1  ft.  for  evrry  I'r  H. 
of  venical  height.    What  is  the  height  of  Ihe  lop  when  ll  I*  bIkiuI  tu  (all  f 

27.  Ib  a  ladder  more  likely  to  slip  when  a  man  1*  at  ihe  top  or  *l  the 
bollom  ? 

28.  With  bow  much  energy  musi  a  bullet  weiRhlnn  ju  g.  be  ahol  hnri 
lontilly  from  a  gun  4  m.  above  a  levrl  plane,  in  order  la  alrike  ihe  Kraiiinl 
jno  m.  away  from  the  gun  ? 

29.  A  pioicclile  traveling  at  the  rate  of  700  [t,  per  tec,  penetrate)  to  tlU 
depth  of  1  in.    Find  f         "     '■  


174  MECHANICS  AND  TH£  PROPERTIES  OF  MATTER. 

SO.  A  hammer  weighing  6  kg.  and  moving  with  a  velocity  of  zoo  cm.  per 
sec  drives  a  nail  into  a  plank  z  cm.  What  resistance  does  it  overcome 
^supposed  uniform)  ? 

31.  Why  is  it  easier  to  drive  a  nail  into  a  board  when  there  is  a  solid 
foundation  underneath  than  when  the  board  is  not  rigidly  supported? 

32.  A  man  can  bicycle  12  miles  an  hour  on  a  smooth  road;  downward 
force  of  each  foot  in  turn  ==  20  lbs.,  length  of  stroke  =  z  ft.,  bicycle  is 
advanced  17  ft  for  each  revolution  of  the  cranks.  At  what  H«  P.  does 
he  work? 

33.  A  man,  weight  180  lbs.,  runs  up  26  sttps,  each  7  in.  high,  in  4  sec  At 
what  H.  P.  does  he  work? 

34.  A  sprinter  runs  40  yds.  in  4}  sec,  60  jrds.  in  6}  sec,  zoo  yds  in  zo 
sec.  Find  a  minimum  value  for  the  H.  P.  at  which  he  works  if  his  weight  be 
160  lbs.     (Notice  that  his  speed  is  constant  from  40  yards  to  zoo.) 

35.  A  sprinter  does  zoo  yards  on  the  horizontal  in  Z0.5  sec,  and  the  same 
distance  up  hill  with  a  rise  of  32  ft.  in  Z7.5  sec  At  what  H«  P.  does 
he  work? 

36.  100  cu.  ft.  of  water  pass  over  a  dam  zo  ft.  high  in  z  min.  How  much 
energy  could  be  derived  from  this  if  all  were  utilized? 

37.  A  ball  weighing  20  kg.,  moving  with  a  velocity  of  500  cm.  per  sec, 
strikes  a  second  ball  weighing  zoo  kg.  which  is  at  rest.  If  the  first  ball 
rebounds  with  a  velocity  of  zoo  cm.  per  sec,  what  will  be  the  velocity  of 
the  second? 

38.  .\  baseball  whose  mass  is  300  g.  when  moving  with  a  velocity  of  20  m. 
per  sec.  is  squarely  struck  by  a  bat  and  then  has  a  velocity  of  30  m.  per 
sec.  in  the  other  direction.  Calculate  the  impulse  and  average  force  if  the 
contact  last  .02  sec. 

39.  Find  the  moment  of  inertia  of  a  sphere  (m  =  20,  r  =  2)  about  an 
axis  tangent  to  its  surface. 

40.  Find  the  moment  of  inertia  of  three  circular  disks  tangent  to  each 
other  in  the  same  plane  about  a  perpendicular  axis  passing  through  the  cen- 
ter of  one  of  them.  The  mass  of  each  is  zoo  g.  and  the  radius  of  each 
is  6  cm. 

41.  Two  masses,  100  kg.  and  200  kg.,  respectively,  are  connected  by  a 
rigid  rod  i  m.  long.  The  system  is  thrown  so  that  the  center  of  gravity  has 
a  velocity  of  20  m.  per  second  and  the  system  turns  zo  times  per  second 
about  this  center.    Find  the  kinetic  energy  of  the  system. 

42.  What  energy  has  a  grindstone  i^  m.  in  diameter,  weighing  zooo  kg. 
and  rotating  once  every  2  sec? 

43.  An  iron  cylinder,  100  cm.  external  diameter,  internal  diameter  5  cm. 
less,  rolls  down  a  plane  6  m.  long  inclined  at  30^.  What  linear  velocity 
does  it  acquire? 

44.  A  man  raises  a  stone  i  in.  with  a  lever  20  ft.  long  weighing  50  lbs., 
tlie  fulcrum  being  i  ft.  from  the  point  of  application  to  the  stone.  If  he 
exerts  a  force  of  100  lbs.,  what  pressure  is  applied  to  the  stone  and  what 
work  does  he  do? 

45.  A  man  weighing  150  lbs.  sits  on  a  platform  suspended  from  a  movable 
pulley  and  raises  himself  by  a  rope  passing  over  a  fixed  pulley.  Supposing 
the  cords  are  parallel,  what  force  does  he  exert?  What  upward  force  is 
neeiied  if  the  rope  passes  under  a  pulley  fixed  to  the  ground  before  coming 
to  his  hand? 

46.  A  cord  passes  over  two  fixed  pulleys  and  through  a  third  pulley 
suspended  between  them.  A  mass  of  10  kg.  is  attached  to  one  end  of  the 
cord,  a  mass  of  5  kg.  to  the  other  end,  and  the  suspended  pulley  and  at- 
tached weight  weigh  2  kg.  The  cords  being  all  vertical,  what  are  the  accel- 
erations of  the  three  masses? 
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47.  A  boy  wbo  can  exert  a  push  of  50  lbs.  wishes  id  roll  a  barret  weigh- 
ing 300  lbs.  inlo  a  wagon  3)  feel  high.  How  long  a  board  must  he  procure 
and  bow  much  work  will  be  do  iu  ECttiDg  the  barrel  ialo  the  wagon  ? 

■tS.  Twelve  bullets  are  divided  between  two  scale  pans  connected  by  a 
cord  passing  over  a  pulley.  What  distribution  will  produce  the  greatest 
tcnsioD  on  the  stipport  of  the  pulley? 

49.  A  wheel  whose  radius  is  35  cm.  is  fastened  to  one  end  of  a  screw 
whoM  pitch  is  t  mm.  What  force  can  the  screw  exert  in  its  nut  when  a 
force  of  iDO.ooo  dynes  is  applied  langentjally  lo  ihe  wheel,  friction  being 
supposed  negligible? 

60.  If  the  lever  of  a  jackscrew  is  3  ft.  long  and  the  screw  threads  are  i 
to  the  inch,  what  force  must  be  applied  [o  the  handle  to  lift  i  ton,  sup- 
poiing  friction  negligible? 

61.  A  body  weighs  12  lbs.  on  one  side  of  a  false  balance  and  12.5  Ihs.  on 
ihe  other  side.    What  is  the  ratio  of  the  arms  of  the  balance? 

B2.  The  coefhcient  of  friction  for  two  surfaces  ^  0.14.  A  pull  of  30  kg. 
■eight  will  overcome  what  pressure  between  them? 

53.  What  force  applied  parallel  to  a  plane  inclined  at  30°  will  push  up  a 
block  weighing  100  kg.,  the  coefRclent  of  friction  between  the  two  being 
M4:  (a)  the  block  moving  uniformly ;  (b)  the  block  having  an  acceleration 


;.  per  1 


c? 


E4.  Reguired.  the  coefficient  of  friction   of  a  horizontal  plani 
lose*  a  velocity  of  100  ft.  per  sec  in  moving  over  it  200  ft, 

66.  How  far  above  Ihe  surface  of  Ihe  earth  must  a  body  be  to  lose  o.i  p 
cinl,  in  weight? 

Se.  If  the  moon's  mass  is  ^  that  of  the  earth,  and  its  diameter  21 
ailn,  that  of  the  earth  being  7900  miles,  what  is  the  acceleration 
trarit;  on  the  moon's  surface? 

57.  Find  the  time  of  revolution  of  the  earth  which  would  cause  bodies 
ban  no  apparent  weight  at  the  equator. 

SB.  A  circle  has  a  diameter  of  16  cm.,  a  smaller  circle  tangent  to  it  a 
■i  cm.  in  diameter  is  cut  out  of  it.  Where  is  the  center  of  gravity  of  I 
nnuinder? 

SSl  Two  cylinders  of  equal  length  (^  20  in.},  and  having  diameters  of 
ixd  6  io..  are  joined  so  that  their  axes  coincide.     Where  is  the  center 


body 


of  gravity  of  a 


<  3  ft-  X 


.,  with  legs 


ar? 

M.  Find  the  > 
U  the  corners  2 

n.  Bodies  of  mass  10  kg. 
Mley,    How  far  does  each  it 

BSL  A  clock  gains  3  min. 
Kndnltnn    ((  —  980). 

S3.  A  pendulum  which  is 
^  JWIS  limes  a  minute  on 
d  gnrity  at   this  point? 

SI.  A  30-gram  rifle  bullet  is  Rred  inlo  a  suspended  block  of  wood  wcigh- 
|l|  IS  Idloi.  If  Ihe  block  is  suspended  by  a  string  of  length  3  meters  and 
kaoved  through  an  angle  of  10',  calculate  the  velocity  of  the  bullet. 


id  8  kg.  are  connected  by  a  string  c 
c  from  rest  in  the  first  two  seconds? 
lay.     Find  the  error  in  the  length  of  the 

seconds  pendulum  where  g  ^=  9S0,  vibrates 
I  of  a  mountain.     What  is  Ihe  acceleration 


66.  A  bodjf  whose  density  is  a  is  weighted  in  air  of  density  o.ootj  with 
•ttlftl*   of   dentitjr   9.     The   weight   in   air   bdng   100   g.,   what   U   tbe 
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AS.  If  ibc  baroDiMcr  linki  15  tnm..  bow  mach  'a  tbc  prctaarc  in  Ofal 
ftr  mf.  on.  decrcued  f  ^^^ 

ST.  Aa  air  buttle  ai  the  bottom  of  a  pond  6  m.  deep  has  a  loliic  a 
cc  FilHl  the  volume  jun  as  it  teaebes  the  tnrfacc,  tbc  barometer  ■ 
fav  76a  mm. 

M.  Owing  lo  tbe  preience  of  air  ibe  cneicuty  colomn  in  a 
en.  Ions  «land>  at  70  cm.  when  an  accurate  barameKr  slanda  3 
What   preaiutc   will  tbia  barometer   indicate   when 
■undi  at  7>  cm.  y 

09.  A  barometer  read*  73  on.  Calculate  the  tfantsi  on  one  side  of 
board  1  m.  aquare. 

70.  A  barometer  hai  a  cross  section  of  2  sq.  cm.  and  is  ki  long  that,  a 
the  mercury  ■lands  al  76  cm.,  there  is  a  vacuum  space  of   10  cm    ' 
!jume  air  i«  allowed  lo  enter  and  the  mercury  falls  10  cm.     What  a 
volume  of  the  air  before  il  entered  ? 

71.  How  high  must  we  ascend  above  the  sea-level  to  observe  a  d  , 
of  I  mm.  in  (he  height  of  tbe  barometer?    Decsityof  air  =^0.0013  (appros.). 

72.  Wbat  rouit  be  the  capacity  of  the  barrel  of  an  air  pump  if  the  1' 
in  a  receiver  of  4  liters  is  to  be  reduced  to  J  the  density  in  3  strokes? 

73.  A  glais  lube  60  cm.  long,  closed  al  one  end,  is  nmk,  open  end  d 
to  the  bottom  of  the  ocean.    When  drawn  up  it  is  found  that  tbe  ■ 
penelraled  to  within  j  cm.  of  the  top.     Atmospheric  pressure  ^=  71 
mercury.     Calculate  the  depth  of  tbe  ocean,  assuming  the 
(Principle  of   I.ord   Kelvin's  sounding  apparatus.) 

7*.   In  >  vessel  of  i  cu.  meter  volume  are  plated  the  following  amounts  a 
([as  :  <  I )  hydrogen,  which  occupies  icu.nt.al  atmospheric  pressure.     1 
trogen.  which  occupies  }  cu.  m.  at  a  pressure  of  i  atmospheres,     (j)  o 
which  occupies  2  cu.  m.  at  a  pressure  of  3  atmospheies.     Calculate  [ 
sure  of  mixture. 

76.  The  mouth  of  a  vertical  cylinder  18  in.  high  is  closed  by  a 
whose  area  is  6  sq.  in.  If  a  weight  of  too  lbs.  be  placed  on  the  piston,' 
bow  far  will  il  descend,  supposing  the  atmospheric  pressure  10  be  14  lbs.  per 
K).  in.  and  tbe  friction  negligible? 

76.  A  cylindrical  diving-bell  7  ft.  in  height  is  lowered  until  the  top  of< 
the  bell  is  30  ft.  Iielow  the  surface  of  tbe  water.  If  the  barometer  height 
at  the  lime  is  30  in.,  how  high  will  tbe  water  rise  in  the  bell?  What  air 
prcBBure  in  the  Iwll  would  just  keep  the  walcr  out? 

77.  Two  bodies  differing  in  bulk  weigh  the  same  in  water*  compare  ibfl 
weights  in  mercury  ;  in  vacuo. 

78.  A  mass  of  copper  suspected  of  tieing  hollow  weighs  S'3  g.  > 
447. S  B-  in  water.     What  is  the  volume  of  the  cavity? 

79.  Tbe  specific  gravity  of  ice  is  crjiB,  (hat  of  sea-waier  1.03.  What  i« 
the  total  volume  of  an  iceberg  of  which  700  cu.  yds.  is  exposed? 

80.  A  block  of  wood  weighing  1  kg.,  whose  density  is  0.7.  is  lo  be  loaded 
with  lead  so  as  lo  float  with  o.q  of  its  volume  immersed.  What  Wei^I  of 
lead  is  required  (i)  if  the  lead  is  on  top?     (2)  if  tbe  lead  is  below? 

81.  A  hydrometer  sinks  to  a  certain  mark  in  a  liquid  of  sp.  gr.  0.6,  tnl  it: 
lakes  120  g.  to  sink  il  to  the  same  mark  in  water.  Wbat  is  the  weight 
of  the  hydrometer? 

82.  One  of  the  limbs  of  a  U-shaped  glass  tube  contains  mercury  to  ■ 
height  of  0.17s  m. ;  the  other  contains  a  different  liquid  to  a  height  of  0 
m.,  the  two  columns  being  in  equilibrium.     Required,  the  dehsiiy  of  the 
second  liquid  with  reference  to  mercury  and  to  water. 

83.  Given  a  body  A  which  weighs  7.SS  g.  in  air,  5,17  g.  in  water,  and 
6.3s  g'  '"  another  litjuid  B ;  required,  the  density  of  the  bady  A  and 
the  liquid  B.  1 


What  is  Utc  proKuc 


Ml  If  the  snHwc  losiDn  of  water  ii  74  dynes,  knd  the  ileni  of  ■  hy- 
iliu— .lu  (Kicholaoii'i)  is  i  bid.  in  diutvcter.  how  mtKb  ku  weiEht  jn  the 
HB  >*  III  I  iM>ij  10  aaak  the  brdiometer  lo  the  nurk  tbaa  if  there  were  no 
mbBC  HnowB,  lamMuag  tbe  anite  of  capiUaiitsr  «]aal  to  lero? 

iL  Tbe  ■orface  tcntiaa  of  ■  Ktap-bubblc  wlution  ii  17.45  (drna/etti.). 
How  iBBck  prater  ii  the  prestnrc  inside  a  soap-bubble  of  j  cm.  ndiu* 
Ilna  in  the  air  oiMsiiie? 

t&  Twn  tdtei  arc  imened  in  a  vessel  of  water  on  the  same  faoriiontal 
plane.  The  diasietcr  of  the  one  is  o.j  mm.  aad  its  lengtb  is  lo  cm.  1  the 
divDelec  of  the  other  is  o.Ji  mm.  and  ils  tenetb  is  10  cm.  Compare  the 
imoonti  of  water  flowing  throu^  the  two  tubes  in  a  given  time. 

93.  A  wire  ]O0  cm.  loog  and  i  mm.  in  diameter  is  stretched  i  mm.  by  a 
•eight  of  j.ooo  g.     What  is  Young's  Modulus? 

Koit. — Some  of  the  above  problems  were  originallr  taken  from  olber 
books.    Tbe  author  regrets  that  he  cannot  now  recall  tbe  source  of  these. 


By  K.  E.  Guthe,  Ph.D. 
Professor  of  Physics  in  the  State  Universily  of  Iowa. 

INTRODUCTION. 

^1  Impentnis.  Experience  makes  us  acquainted  through  th«i 
"ttsations  of  warmth  and  cold  with  a  general  physical  property 
'f  bodies  which  is  independent  of  their  motions  of  translation  or 
Watioa  and  of  any  mechanical  forces  acting  upon  them.  We 
itingiiish  different  degrees  or  qualities  of  this  sensation  and 
"pwli  therefore  of  hot,  warm,  tepid,  cool  and  cold  bodies  to  char- 
Weriie  their  effect  upon  our  senses.  The  scientific  term  "  tcm- 
pwalure"  is  used  to  include  all  these  physical  states  and  to 
•"ggest  a  quantitative  relation  between  them,  by  saying,  for  ex- 
"nple,  that  a  hot  body  is  at  a  higher  temperature  than  a  cold  one. 
fxptrafure  can  therefore  be  defined  as  the  physical  measure  of 
*^t  condition  of  a  body  which  enables  it  to  produce  the  sens<^ 
*i(Mw  of  warmth  and  cold. 

By  touching  two  objects  we  draw  a  conclusion  as  to  their  relative 

tanperatures  and  if  both  bodies  are  made  of  the  same  material, 

"'^J'  form  in  this  way  an  approximately  correct  but  rough  estimate, 

^ff  conclusions  become,  however,   entirely  untrustworthy  if  we 

™*e  to  do  with  bodies  of  different  material.    A  cold  piece  of  iron 

always  appear  cooler  to  the  touch  than  a  piece  of  wood  of 

same  temperature.     This  is  due  to  the  fact  that  other  proper- 

of  bodies  besides  their   temperature — for  example,    conduc- 

"^ily  for  heat — greatly  influence  our  estimate. 

Thus  while  sensation  furnishes  us  with  the  fundamental  c( 
^t  of  temperatures,  we  are  forced,  if  we  wish  to  make  accurate 
"Kasurements  of  this  physical  quanlity  to  look  for  characteristic 
Wysical  properties  which  change  continuously  and.  in  a  definite 
Manner  with  temperature  and  upon  which  we  can  base  a  logical 
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Acxvir&^  rr  die  mSk^ci^r 
(§^27),  the  snaDess  lordcks  cc  mS^-ia)($  M  Ji  K\^ 
t   m  a  state  of  perpetnil  a^itftzxm.    TV  cvm$«i3it  <v4K$i,^vi$ 
nirecn  the  different  pamcies  nnxsx  in  die  end  piv>iace  a  $ltgiih^ 
ndition  in  which  modon  in  one  direction  i$  jt$  Idse^  to  ixv^if 
in  any  other.    After  snch  mufbrmhr  irrt^^^r  moHon  bj|$  Kt<^ 
tabUshed  throoghoat  cqnal  finite  volumes  of  a  homo^^eneou^  Knt^* 
ntain  the  same  amount  of  molecular  kinetic  energy. 
Now  let  heat  be  added  to  a  portion  of  such  a  Kxt)*  ^ml  let  the 
idy  be  left  entirely  to  itself.    According  to  the  nwlemiUr  the^^ry 
I  heat  the  heat  energy  serves,  at  least  in  part»  to  Incren^it*  the 
inetic  energy  of  the  molecules.    For  a  short   time  the   \\m\\ 
lergy  of  motion  of  the  molecules  at  the  hcAtetl  plni^  will  Ih» 
irger  than  in  the  rest  of  the  body,  but  It  will  mm  dtNtrllMllit 
self  through  the  whole  mass  (conduction  of  heat)  ond  In  |hi* 
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system  of  temperature  measarcnicnts.    (See  Thermometry,  {  240.) 

238.  Hwt  a  Form  of  BuriT-  Any  mass  of  a  given  substance 
at  one  temperature  is  physically  different  from  what  it  is  at  any 
other  temperature.  A  physical  tjnantity  which  we  call  heat  has 
been  added  to  it  or  subtracted  from  it.  A  body  may  be  heated 
in  many  different  ways,  as  a  kettle  by  direct  contact  with  a  fire, 
rooms  by  the  warm  air  from  the  foroace,  a  nail  by  the  blows  from 
a  hammer,  a  saw  by  friction  against  wood,  an  electric  lamp  by 
electrici^,  our  bodies  by  the  sun's  rays  and  so  forth. 

Formerly  heat  vu  supposed  to  be  a  *iibile,  elastic  fltdd  which  upon 
entering  a  body  would  raise  its  temperature.  Tbi*  hypothetical  fluid  wai 
called  caloric,  and  ill  putides  were  awniDed  to  repel  each  other,  at  the 
same  time  being  allracted  in  different  dcKTcei  by  the  vaHoDS  form*  of 
matter.  Since,  after  many  controversies,  it  bai  abo  been  demonstrated 
tbal  the  weight  of  a  body  docs  not  change  with  its  temperature,  caloric 
must  be  witboul  weight  Or  some  kind  of  imponderable  matter.  Hany  beat 
phcRomena  could  be  explained  salisfaclorily  by  this  theory,  which  was 
generally  accepted  until  the  beginning  of  the  nineteenth  century;  it  failed 
however,  when  careful  investigations  at  that  time  proved  that  excessive 
amounts  of  heat  can  be  produced  by  friction  alone. 

The  famous  experiments  of  Count  Rumford  performed  1798 
at  the  arsenal  in  Munich  proved  that  practically  unlimited  amounts 
of  heat  can  be  produced  by  boring  a  cannon  by  means  of  a  blunt 
drill,  while  the  quantity  of  abraded  metal  was  very  small  indeed. 
No  stage  was  reached  in  the  process,  at  which  the  heat,  if  it  were 
a  part  of  the  metal,  seemed  exhausted.  All  that  was  necessary 
for  a  further  development  of  heat,  was  the  continued  turning  of 
the  drill,  t.  f.,  the  overcoming  of  the  friction  between  the  drill 
and  the  metal,  or  the  expenditure  of  mechanical  work  or  enei^. 

In  another  way  Sir  Humphrey  Davy  showed  in  1799  that  heat 
can  be  produced  by  overcoming  resistance  dtie  to  friction.  It  was 
well  known  at  that  time  that  heat  is  needed  to  melt  ice.  By 
nibbing  together  two  pieces  of  ice,  the  ice  was  melted,  the 
resulting  water  being  at  the  same  temperature  as  the  melting  ice. 
In  this  case  also  it  was  apparently  the  energy  spent  in  overcom- 
ing the  friction  between  the  two  pieces  of  ice,  which  ultimately 
melted  them. 

When  a  hammer  strikes  a  nail  the  kinetic  energy  of  the  hammer 
suddenly  disappears  and  heat  appears.  InnumeraMe  examples  of 
the  same  nature  might  be  cited. 


MOLECULAR  THEORY. 


From  analogy  we  may  draw  the  cordiision,  ami  correctly,  as 

shall  see,  that  the  heating  of  an  electric  light  is  accompanied 

the  disappearance  of  electrical  energy,  or  that  the  warmth  we 

frel  in  the  sun's  rays  is  due  to  a  transformation  of  their  energy 

into  heat  in  our  bodies. 

Heal  is  therefore  a  form  of  energy  considered  mainly  from  the 
foini  of  M«v  of  temperature  changes  produced  by  it  and  is  meas- 
ured by  the  temperature  changes  produced  in  a  given  mass  of  some 
standard  substance,  water.  Quantity  of  heat  is  heat  expressed  in 
such  arbitrarily  chosen  units  (sec  §261). 

But  we  find  almost  all  physical  properties  of  matter  influenced 
by  beat,  so  ihal  in  general  variations  in  the  elastic,  optical  and 
electrical  properties  accompany  temperature  changes. 

The  temperature  of  a  mixture  of  ice  and  water  remains  con- 
stant as  long  as  either  of  the  two  constituents  is  present.  If  the 
surrounding  objects  are  warmer  than  the  mixture,  heat  passes 
into  the  mixture,  the  surroundings  are  cooled,  and  the  ice  melts. 
Formerly  a  distinction  was  made  between  "  sensible  "  heat  and 
internal  or  "latent"  heat,  which  latter  does  not  produce  an  effect 
upon  the  temperature.  With  the  modern  development  of  our 
interpretation  of  beat  phenomena  such  a  distinction  has  become 
unnecessary. 

239.  Molacnlar  Theory  of  Heat.  According  to  the  molecular 
theory  (§227).  the  smallest  particles  or  molecules  of  a  body 
are  in  a  state  of  perpetual  agitation.  The  constant  collisions 
between  the  different  particles  must  in  the  end  produce  a  steady 
condition  in  which  motion  in  one  direction  is  as  likely  to  occur 
any  other.  After  such  uniformly  irregular  motion  has  been 
.blishcd  throughout,  equal  finite  volumes  of  a  homogeneous  body 
iiain  the  same  amount  of  molecular  kinetic  energy. 

w  let  heat  be  added  to  a  portion  of  such  a  body  and  let  the 
be  left  entirely  to  itself.  According  to  the  molecular  theory 
heal  the  heat  energy  serves,  at  least  in  part,  to  increase  the 
ictic  energy  of  the  molecules.  For  a  short  time  the  mean 
of  motion  of  the  molecules  at  the  heated  place  will  be 
than  in  the  rest  of  the  body,  but  it  will  soon  distribute 
>lf  through  the  whole  mass    (conduction  of  heat)    and  in  the 
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end  there  is  again  an  equilibrium  of  uniformly  irregular  motion 
in  which  the  average  energy  of  each  molecule  is  larger  than 
before,  and  as  a  rule  the  temperature  has  become  higher  and 
again  uniform  throughout.  In  a  similar  way  the  observed  estab- 
lishment of  a  thermal  equilibrium  between  two  bodies  at  different 
temperatures,  but  in  contact  with  each  other,  follows  directly 
from  this  theory. 

The  heat  necessary  to  melt  a  solid  must  also  produce  an  in- 
crease in  the  energy  of  the  molecules,  in  part  probably  as  poten- 
tial energy. 

This  theory  explains  heat  as  being  molecular  energy,  partly  kinetic  and 
partly  potential.  The  uniformly  irregular  motion  of  the  molecules  is  the 
most  natural  one  to  be  expected.  Any  regular  motion  of  a  system  of  mole- 
cules, such  as  those  studied  in  Mechanics  and  other  chapters  of  Physics*  has 
the  tendency,  when  disturbed,  to  become  irregular  molecular  motion,  as 
shown  by  the  examples  under  9  238.  On  the  other  hand,- heat  can  only  be 
changed  into  specialized  forms  of  energy  under  certain  conditions,  and  on 
account  of  this  difficulty  of  transformation  and  the  large  amount  of  heat 
which  remains  unavailable  for  practical  purposes,  it  has  unjustly  been  called 
the  lowest  form  of  energy.  From  this  point  of  view  we  may  speak  of  the 
energy  of  wind  and  waves  being  frittered  down  into  heat  or  being  dissi- 
pated as  heat. 

THERMOMETRY. 

240.  Measurement  of  Temperature.  Temperature,  as  a  physical 
quantity,  can  be  measured  only  by  one  of  the  numerous  changes 
of  physical  properties  which  accompany  a  variation  of  tempera- 
ture. An  instrument  designed  for  such  purpose  is  called  a  ther- 
mometer, or  if  the  temperature  measured  is  high,  a  pyrometer. 
The  instrument  is  brought  into  contact  with  the  body  whose  tem- 
perature is  to  be  found;  and  after  the  establishment  of  thermal 
equilibrium  it  indicates  the  temperature  of  the  body  (see  also 
optical  pyrometry,  §315)- 

Since  the  various  properties  of  a  body,  or  the  same  property 
of  different  bodies,  are  found  to  be  different  functions  of  the  tem- 
perature, a  specific  property  of  a  definite  substance,  upon  which 
the  construction  of  a  standard  scale  can  be  based,  must  be  selected 
arbitrarily  and  by  comparison  with  such  a  standard  scale  all  other 
thermometers  can  be  calibrated. 
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IV'e  find  for  example  that,  when  a  gas  is  enclosed  in  a  vessel 

oi  (onstant    volume    and   heated,    the    pressure    which    it    exerts 

"pon  the  walls  is  increased.     Now  it  has  been  agreed  to  choose 

lilt  pressure  of  hydrogen  gas  when   inclosed  in  a  vessel  of  con- 

sianl  volume  as  the  property  by  which  to  measure  temperature 

and  the  assumption  is  made,  that  a  change  in  temperature  is  pro- 

ponional  10  the  change  in  pressure  produced  by  it,  or  that  ca( 

=1P/P„  where  P,  is  the  pressure  at  the  temperature  chosen  as 

'ero  (hydrogen  scale).    Other  temperature  effects,   for  example 

itic  relative  change  of  volume  of  a  gas  under  constant  pressure, 

w  ihe  relative  expansion  of  mercury  in  glass,    furnish   thermo- 

nidric  scales  which  closely  agree  with  the  hydrogen  scale,  but  a 

roluction  to  the  latter  is  always  necessary  where  great  accuracy 

'i  required. 

211.  The   Degree.    Centigrade   and   Fahienheit   Thennometen. 

■      After  the  selection  of  a  thermometric  substance  with  its  charac- 

^^kristic  property  there  still  remains  the  choice  of  the  unit  scale 

^HCrisioo.    This  unit  for  the  measurement  of  temperature  is  called 

^^dtgree.     The  degree  is  a  new  fundamental  unit  which  cannot  be 

~  (^pressed  in  terms  of  mass,  length  and  time,  as  is  the  case  with 

the  mechanical  units.     It  must  enter  into  the  dimensional  formuls 

"f  many  thermal   quantities  and  we   shall   represent  it   for  this 

purpose  by  [fl]. 

In  all  scientific  work  the  centigrade  tkermomeUr  is  used,  in 
"hich  the  degree  is  defined  as  the  one-hundredth  part  of  the 
interval  between  the  temperatures  of  melting  pure  ice  and  of  the 
"Wm  of  water  boiling  under  normal  atmospheric  pressure  (76  cm. 
°f  mercury).  The  former  temperature,  often  called  simply  the 
"■filing  point  (or  freezing  point)  is  marked  0°;  the  latter,  the 
wiling  point,  100°.  These  two  points,  which  are  of  fundamental 
"nporiance  for  the  standardization  of  thermometers,  are  called  the 

I'^td  points  of  the  thermometer,  and  their  difference  in  tempera- 
P'f  the  fundamental  interval.  All  numerical  data  given  in  this 
*olt  are  expressed  in  degrees  centigrade  unless  otherwise  stated, 
In  the  Fahrenheit  thermometers,  which  are  widely  used  in  this 
™iintry,  the  freezing  point  of  water  is  at  +  32  degrees,  and  the 
wiling  point  at  +212  degrees.  Thus  180  scale  parts  of  the 
L  Fahrenheit   thermometer    corresponds    to    100   of   the   centigrade 
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scale.  In  order  to  rednce  the  reading  on  one  of  these  two 
thennometers  to  the  corresponding  reading  on  the  other  we  refer 
(hem  to  the  sane  temperature,  namely  the  melting  point,  and  obtain 
the  equation: 

180      100 


^  =  ^  +  32    and    C=tlF—32) 


(0 


The  ccnliKT«d«  teak  U  lometiiM*  called  the  Celaiiu  Male,  thou^ 
Celsius  (174J)  called  the  iiicltiiis  point  100  degree*  and  the  boiling  point  0 
degrees.  Fahrenheit  (i7i4>  himKlt  did  not  employ  the  freexii^t  and  boil- 
ing points  ol  water  as  fixed  piHDtB,  but  the  tempetature  of  a  mixture  of 
arster.  ice  and  sal  ammoniac,  which  he  chose  as  lero  point  and  blood  heat 
which  he  called  96  degrees.  Aitother  thermometric  scale  deiiTCs  its  name 
from  its  inventor,  Resamor,  who  dirided  the  fandamcntal  interval  into  80 
degrees,  choosing  the  frcezins  point  of  water  as  0°. 

SU.  The  ConiUnt  Tolnma  Ou  Thamomctar.    In  these  ther- 
niometei^  the  increase  of  temperature  is  assumed  to  be  propor- 
tional to  the  relative  increase  in  pres- 
sure  of  a  gas  whose  volume  is  kept 
I  constant 

The  dry  gas  is  enclosed  in  a  suit- 
able vessel  of  glass  or  some  other 
substance  (glazed  porcelain,  platinum, 
or  platinum-indium)  (see  Fig.  133). 
A  capillary  tube  connects  the  vessel 
with  the  manometer,  which  usually 
consists  of  a  U-tube  carrying  near 
the  end  of  the  capillary  a  fine  pointer. 
The  gas  is  shut  of!  from  the  outer  air 
by  mercury  contained  in  this  U-tube. 
In  order  to  keep  the  volume  of  the 
'"'  enclosed  gas  constant,  the  mercury  is 

always  adjusted  so  that  its  surface  on  the  side  of  the  tube  con- 
nected with  the  capillary  just  touches  the  pointer. 

The  pressure  to  which  the  gas  is  subjected  at  any  temperature 
can  easily  be  found  from  the  barometric  pressure  and  the  differ- 
ence in  height  of  the  mercury  on  the  two  sides  of  the  manometer 
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tube,  a  small  correction  being  necessary  on  account  of  the  change 
in  volume  of  the  containing  vessel. 

In  the  standard  hydrc^en  thermometer  the  hydrt^n  gas  is 
mder  a  pressure  of  loo  cms.  of  mercury  at  the  temperature  of 
rnddng  ice  but  it  will  give  accurate  results,  even  if  the  initial 
pressure  is  smaller.  The  principle  of  temperature  measurement 
{(240)  gives  directly. 


oc  for  lai^rer  intervals 


iP 


(3) 


P.=P.(i  +  V). 


(3) 


*lwe  P^  P^  and  P|  are  the  observed  pressures  at  the  two  fixed 

pnnts  and  at  the  temperature  to  be  measured  and  Op  is  a  constant. 

From  the  definition  of  the  centigrade  thermometer  we  have, 

p    p 

iooap=  -    p"  (4) 

Md  for  the  determination  of  any  temperature,  (, 

»   Pi  —  P,  Pt  —  P, 

'=5;"p:-='«>p;;:z:p.  's) 
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The  gas  in  the  bulb  is  shut  off  from  the  outside  air  by  a  colored 
lii]tii(l   partly    611ing   the  narrow   tube.     The   expansion    is   made 
visible  by  the  displacement  of  the  liquid  column,  while  the  pres- 
sure due  to  the  atmosphere  and  the  liquid  remains  nearly  constant. 
The  construction  of  these  thermometers  has  been  considerably 
clanged  by  a  number  of  investigators  but  they  are  seldom  used 
for  precise  measurements ;  they  are,  however,  very  sensitive  indi- 
calors   of   temperature   changes    and   valuable    for   demonstration 
purposes.     A  well  knovm  special  form  is  Ihe  "differential  ther- 
inonieter  "  in  which  a  slight  difference  in  the  temperatures  of  the 
-.libs  is  indicated  by  a  relatively  large  displacement  of  the  liquid 
ilDsed  in  the  narrow  tube  between  them.     (See  Fig.  136.) 
■2M.  Xilqnid    ThermometerB.     Since    the    gas    thermometers    are 
jlky  and  inconvenient  for  general  use  the  expansion  of  liquids 
I'ls  early  employed  for  temperature  measurements.     The  liquid, 
:-iially    mercury   or   alcohol,    is    contained    in    a    glass    reservoir 
■nnccted  with  a  capillary  stem  of  uniform  cylindrical  bore, 
U5.  Mercaiy-ln-Glus  ThermometerB  were  first  constructed  by 
"'jullieau  in  1659  and  great  improvements  were  made  by  Fahren- 
bcil  in  1724.     Since  that  time  these  thermometers  have  been  in 
goieral  use.    The  principle  of  temperature  measurement  by  means 
°f  these  instruments  is  based  upon  the  assumption  that  a  tem- 
pwaiure  change  is  proportional  to  the  apparent  increase  in  volume 
of  the  mercury.     This  apparent  increase  is  the  difference  between 
Iht  actual  change  in  the  volume  of  mercury  and  that  of  the  con- 
laining  vessel. 

Il  is  not  to  be  expected  that  temperatures  determined  in  this 
"ly  should  agree  exactly  with  those  of  the  normal  hydrogen 
Kale,  and  indeed  the  errors  are  considerable  for  low  and  high 
'Wrpcratures.  Besides  glass  is  not  a  well  defined  chemical  sub- 
"Mce,  and  thermometers  made  of  different  kinds  of  glass  will 
lot  perfectly  agree  among  themselves. 

Such  thermometers  present  also  other  practical  disadvantages 
for  measurements  of  precision.  The  volume  of  the  bulb  contracts 
•lowly  for  a  long  period,  which  results  in  course  of  time  in  a 
Ipadual  rise  of  the  zero  point.  Moreover  after  being  heated  con- 
•iderably.  the  bulb  upon  cooling  will  not  immediately  return  to  its 
"'igiiul  volume,  but  will  at  first  be  somewhat  larger,  this  condi- 
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v,i^  loUuwvi  Tty  A  -Oow  ccmtraction   (depression  of  tbe  sero 
I      :  'n    iL^uuDt  lit   ibe  hirtirastiuic  pressur*  of  tbe  mercmT 
'«>v    -Bifi   liticpmi  rcuUnp  mil  be  obtained  with  ver;-  sensi- 
t  <r«rncal.  umL  in  a  burtzontal  position.     Oftm 
t  uucside  o£  titx  body  whose 
k  a  laDt-rectiuit  must  be  nude  lor 
k  a<  tbc  bulb  and  of  the  exposed 
■^)      These   corrections,   wiuch 
^kkiic  iM«>*  tw  ^  .jtwMilHak  UK  aacBfatT  work.  ore.  bowerer.  snuH 
,  fir  need  be  knanm  only 


j9k3*  It  caxDHK  be  nsed  for  tbe 
B.  tt  tMiiU  at  3S^'  ander  anno- 
b*  pnevcntinl  bf  an  increase  of 
stttrtt];  and  the  spict  above 
Bert  jBs. — aitzogen  or  car- 
vul  cimstantiy  iocrease  as 
large  to 
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thermometers  are  instruments  which  register 
i!ic  highest  and  lowest  readings  reached  during  any  time 
micrval.  Two  types  of  maximum  thermometers  are  widely 
i^.;.!  They  are  both  mercury -in-glass  thermometers. 
;;  the  first  a  thin  iron  rod  with  a  small  spring  press- 
■;-  against  the  wall  of  the  tube  is  placed  in  the  bore 
lusi  oulsidf  the  mercury  thread.  With  rising  tcmpera- 
fiirc  this  rod  is  pushed  forward  by  the  mercury,  but 
remains  stationary  when  the  thread  recedes.  The  end  of 
'he  rod  nearest  the  bulb  indicates  the  maximum  lempera- 
irc.  The  iron  rod  can  be  brought  back  to  the  mercury 
irface  by  means  of  a  htlle  magnet,  or  by  shaking.  In 
linical  thermometers  the  iron  index  is  often  replaced  by  a 
mall  section  of  mercury  thread  separated  from  the 
.  jin  thread  by  a  Ultle  air. 

In  the  second  form  there  is  a  contraction  in  the  bore 
■i  the  glass  near  the  bulb.  With  rising  temperature  the 
.i,pinding  mercury  pushes  through  the  constriction  in 
liie  stem,  but  on  contraction  the  thread  breaks  off  al 
itiii  point  and  the  mercury  remains  in  the  stem  giving 
ilirKtly  the  highest  reading.  The  mercury  thread  is 
'trough!  back  to  its  proper  position  by  shaking  or  centrif- 
ugal force.  This  principle  is  extensively  used  in  clinical 
llicnuometers,     (See  Fig.   137.) 

The   minimum   thermometer   is  usually   an   alcohol-in- 
ihii  thermometer,  kept  in  a  nearly  horizontal  position. 
-'■  ^mall  glass  rod  is  placed  as  an  index  in  the  bore  inside 
of  the  alcohol.     When  the  thread  recedes  on  coolini 
leiuioD  pulls  the  glass  rod  back  with  it,  but  the  liquid  floi 
>l  when  the  temperature  rises.     The  point  of  the  index  1 


^^^*-^»— J 

11  Ita  ■  1        1        1      lill 

.      i_  _£_iru~"^^ 

rii 

irf 

1 

■^             '""^  *     ■     B     -1 

1 

■  at>'»i!v-'  in.li    <«*«^»-           ^"^^5: — ^ 

^ 

THERKOUETmr. 

(see   "Electricity").     By  measuring  its  rcsislanoe  tbc 

raturc  of  the  wire  can  be  accurately  determined.     Siei 

taccd   the   resistance  Ihennometer  in    1S71,   but  it   has  bees  I 

'  improved  by  Callendar,  who  coils  a  fine  wire 

t  platinum  around  a  mica  frame  and  protects  it 

liuitable  vessel.     (Fig.  141.)     These  thermometers 

rell  adapted  for  low  temperature  measurements. 

I  If    the  junctions  of  two  dissimilar  metals  are 

I  at  different  temperatures  a  thermo-electromotive 

i  is  produced  which  can  be  measured  by  appro- 

;  electrical  means,  for  instance  by  the  electrical 

mt  produced  in  a  galvanometer  circuit     Such  a 

of  two  wires  is  called  a  thermo-element  or  ther- 

raple.     For  fhe  determination  of  the  temperature 

t  pven  medium  one  junction  is  placed  in  this  me- 

1  while  the  other  ends  are  usually  placed  in  melt- 

L    The  electromotive  force  is  then  measured  and 

t  the  difference  in  lemperature  between  the  two 

rtions  calculated.    LeChatelier's  thermo-couples,  or 

meters,  consist  of  one  wire  of  pure  platinum  and  *  ' 

k  of  platinum  containing  10  per  cent  of  rhodium.     They  allow 

Murcments  of  temperatures  as  high  as  1700°. 

I  (rf)  All  bodies  radiate  energy  into  space.     The  intensity  of  the 

fsdistion  increases  very  rapidly  with  increase  of  temperature  and 

finally  the  bodies  become  luminous.     It  is  well  known  that  we  can 

■^^timate  roughly   the  temperature  of  a  glowing  solid   from   the 

njiure  of  the  light  which  it  emits. 

In  recent  years  the  laws  governing  radiation  have  been  invest!-  I 
pted  and  upon  them  important  methods  of  measuring  tempcra- 
'ures  are  based  (Optical  Pyromelry).     These  enable  us  to  measure 
"";  temperature  of  bodies  beyond  our  reach,  by  a  study  of  their 
fadiation;  the  student  is  referred  for  a  more  complete  treatment 


.  (s. 
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|819.  Tlie  Absolute  Zero.     From  equation  (5)  in  g  242  it  follows  j 
U  if  Pi  is  placed  equal  to  zero 
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This  temperature  is  called  the  "absolute  zero,"  and  temperatt 
measured  from  this  point  "absolute  temperatures."  In  the 
lowing  these  will  be  denoted  by  7*.  To  express  a  given  rcadii^ 
the  Centigrade  scale  in  "degrees  absolute"  373  degrees  havt 
be  added,  or 

7-=*" +373° 
Equation  (3)  then  becomes, 

or,  since  "^  and  P,  are  constant,  the  pressure  is  proportiona 
the  absolute  temperature.  Absolute  zero  is,  therefore,  the  t 
perature  at  which  hydrogen  gas  would  exert  no  pressure  sup] 
ing  that  it  remains  a  gas  even  at  the  lowest  temperatun 
supposition  which  is  not  in  s^eement  with  the  facts,  since  hji 
gen  has  been  liquefied  and  even  frozen  at  very  low  temperatl 
(§  3°5)-  According  to  the  molceular  theory  no  pressure  in  a 
would  mean  no  motion  of  the  molecules.  A  gas  would,  theref 
contain  no  heat  energy  at  absolate  zero. 

While  the  absolute  zero  will  probably  never  be  reached  exp 
mentally,  it  is  from  a  theoretical  point  of  view  more  impor 
and  for  many  practical  purposes  more  convenient  to  use  than 
arbitrarily  fixed  zero  point  of  the  Centigrade  scale. 

EXPANSION. 
2fi0.  Linear  Expansion  of  Solids.     In  general   the   linear  < 
tance  between  any  two  points  of  a  solid  increases  with  the  t' 
perature  and  the  increase,  Z.,  —  L,,  is  nearly  proportional  to 
differences  in  temperature  (,  —  t^,  or 

L,  —  L,  =  a,L^(t,~Q, 

where  ar  's  called  the  coefficient  of  linear  expansion  in  the  dii 
tion  L  and  may  be  defined  as  ihe  relative  change  itt  length 
degree.  The  dimensional  formula  for. this  physical  quantity 
[^*].  Usually  0°  is  chosen  for  the  lower  temperature  and  cq 
tion  (9)  may  then  be  written, 

£,  =  Z,(H-a,()  ( 

where  L,  is  the  length  at  0°,  and  t  the  higher  temperature. 
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For  a  temperature  below  o"  (  must  of  course  be  taken  with  the 
negative  sign  and  if  nj  is  positive  L,  is  smaller  than  L,. 

Strictly  speaking  the  length  is  not  a  linear  function  of  the  tem- 
perature and  when  plotted  will  not  be  a  straight  line.  Oj  itself 
depends  therefore  upon  the  temperature  so  that 

(i,  =  a'  +  a"/4-a"V+   ■■  (ii) 

and  equation  (lo)  becomes, 

L,  =  Z.,(i +«'*  +  ""'■  +  ■■■)  (12) 

Generally  the  first  two  coefGcients  are  sufficient  for  an  accurate 
oiprcssion  of  the  curve.  <i|  as  defined  by  equation  (g)  is  called 
ihe  mean  coefficient  between  the  temperatures  /.  and  I,.  Frequently 
ihc  mean  coefficient  between  o°  and  loo"  is  given  which  is  ap- 
proximately equal  to  a'  -f-  loofl". 

For  copper  a'  is  0.0000167  and  a"  =  0.000000004;  the  mean  co- 
rfficicnl  between  0°  and  100°  is.  therefore,  0.0000171  per  degree. 
Tile  true  coefficient  at  any  temperature  is  given  by 


ft 


"  dl  L 


(13) 


the  tangent  of  the  inclination  of  the  curve  at  this  temperature 
divided  by  the  length. 

Let  a  bar  be  clamped  at  one  end  and  the  other  end  rest  upon  a 
sewing  needle  placed  at  right  angles  (o  (he  bar  and  free  to  roll 
upon  a  smooth  surface  (glass).  The  needle  carries  a  long,  light 
pointer,  which  is  counterbalanced  so  that  free  rotation  may  not  be 
hindered. 

When  the  bar  is  heated,  for  instance  by  a  Bunsen  burner,  the 
tree  end  will  advance  and  rotate  the  needle.  This  motion  is  mag- 
nified by  the  pointer.  Upon  cooling,  contraction  of  the  bar,  and 
a  return  of  the  pointer  to  its  original  position  will  result. 

Since  Ihe  linear  expansion  of  solids  is  quite  small  very  refined 
methods  must  be  used  for  an  accurate  determination  of  the  cocffi- 

Iq  Ibc  case  of  isolropic  bodies  or  cubical  cryslatl  the  dilatation  ii  llie 
•aiac  in  ail  directions,  in  uniaxial  crystals  (rhombic  and  bexasonal)  there 
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is  one  axis  of  iTinmetrr  with  a  definite  coeffident  ot  lioear  expensioD  id 
this  direction  and  a  different  one  at  rigbt  anglca  to  it.  In  Mill  other 
crratab,  there  are  three  principal  axea  of  dilatation  at  right  angles  to  each 
other,  each  with  its  characteristic  coefficient.  The  eiipanaioD  in  anj  direc- 
tion depends  upon  the  orientation  of  the  length  to  be  mesmired  with  retpect 
to  these  axes.  From  this  it  follow*  that  in  general,  with  the  exception  of 
cubical  crystals,  the  angles  made  br  the  plane  faces  of  crystals  will  change 
with  the  temperature. 
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251.  Applications.  The  expansion  of  solids  is  of  great  practical 
importance.  In  the  laying  of  railway  rails  or  in  the  construction 
of  metal  brieves,  for  instance,  allowance  must  be  made  for  ex- 
pansion and  contraction  due  to  temperature  changes.  If  a  piece 
of  metal  is  to  be  shrunk  upon  a  frame  or  another  piece  of  metal, 
it  is  first  heated  sufEciently  so  that  it  will  loosely  fit  the  frame, 
ll'pon  cooling  it  becomes  firmly  attached,  the  pressure  exerted  upon 
contraction  being  very  large. 

If  glass  is  suddenly  heated  or  cooled  it  breaks  to  pieces,  since 
the  temperature  differences  between  the  outer  and  inner  portions 
produce  larger  strains  than  the  glass  can  support 

Quartz  crystals  when  strongly  heated  burst  into  innumerable 
ani.ill  pieces  owing  to  the  unequal  expansion  in  different  directions, 
but  after  they  have  been  fused  to  a  homogeneous  mass  the  coeffi- 
cient of  expansion  is  very  small  (see  table),  and  on  this  account 
vessels  made  of  fused  quartz  (quartz  glass)  may  be  heated  to  red 
heat  and  immediately  plunged  into  cold  water  without  being 
broken. 

In  many  measurements  it  is  of  the  utmost  importance  that  the 
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lEmcnsions  of  aii  insinimnit  thouM  be  indepOMfefit  of  Icnpcrs- 

tnrc  changes. 

A  vell-known  method  for  compcti^ating  the  cxpaniioa  of  a  pes- 
ilulunt  is  that  used  on  the  gridiron  pendulum.  6gun  142.    The  dark 
lines  represent  iron  rods  and  the  Iintit  linei  sine 
lods.  The   expansion   of   the   iron    Ien|i:ihefii   ibe 
pendulum,  but  that  of  the  xinc  rode  which  have  a 
la^r  coefficient  of  linear  expan»ion  will  rule  Ibe 
pcDdiiltim  bob  sufficiently  to  keep  the  effective  length   1 
Cf  the  pendulum  constant 

The  balance  wheels  of  chronometerit  are  compen- 
sated for  temperature  effects  hy  nuking  the  rim 
of  the  wheel  of  two  metals,  the  une  having  the 
brpr  coefficient  of  expansion  being  on  the  ouliide. 
n'WIe  a  rise  in  temperature  would  increase  the 
tiiamcter  of  the  wheel,  the  effect  of  unequal  cxpan- 
^n  of  the  two  metals  bends  the  rim  into  a  smaller 
Qide,  and  thus  decreases  the  diameter.  In  this 
■Banner  the  moment  of  inertia  of  the  balance  wheel 
^i  the  period  remains  constant.  A  similar  appU- 
*3iion  (or  the  construction  of  the  strain  thcrmomc- 
•trs  was  mentioned  in  §  248. 

A  very  valuable  metal  is  an  alloy  of  nickel  and 
*•«!.  A  «eel  containing  about  36  per  cent,  of  nickel 
^  a  coefficient  of  linear  expansion  of  only 
ow)oooo9  per  degree  or  one  tenth  thai  of  glass. 
'nvar  U  a  nickel  steel  in  which  by  mechanical  treatment  the  coeffi- 
•^fnihas  been  still  further  reduced,  ft  is  recently  used  extensively 
■Or  ihc  construction  o(  standards  of  length,  steel  tapes,  pendu- 
liims,  etc, 

^i  Cubical  Expansion  of  Sollda.     In  a  manner  similar  to  t: 
"f  the  last  article  the  relation  between  the  volume  of  a  body  i 
''"^temperatures  ("  and  o"  may  be  expressed  by  the  equation 

'■  is  called  the  coefficient  of  cubical  expansion  and  can  easily  t, 

^nd  from  the  coefficient  {or  coefficients)  of  linear  expansion.  ] 

'-et  the  lengths  of  the  edges  of  an  isotropic  rectangular  paralltj 
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piped  at  0"  be  L^  L„  L,;  then  at  this  temperature 

V,=L^^  (15) 

At  *"  the  lei^s  have  increased  to  Z.,(i  +  a,l),  etc.,  and  the  vol- 


f  ,  =  [L.-  (I  +a.O]  ■  [^-  (I  -H>i')]  ■  [^.-  (I  +  «.')]. 

(16) 
=  L,LJ.,{1  +  30,(  +  3a,V  +  a,V) 

bat  since  <■(  is  small  the  last  two  terms  in  the  parentheses  may 
be  neglected  in  comparison  with  30,1,  and  we  may  write 

f.  =  f.(i+3«(0    or    a,  =  3a,  (i;) 

Id  the  case  of  anisotropic  bodiei  Og  equals  the  aum  of  the  coefEcients  of 
linear  expansion,  a,,  a,  and  a,  parallel  to  the  principal  axes  of  dilatation,  or 


which  simplifies  in  the  case  of  uniaxial  crystals  to 

a,  =  a.  +  3a,  (19) 

When  a  hollow  body  is  heated  the  hollow  space  expands  just 
as  much  as  if  it  were  filled  with  the  same  substance  as  that  of  the 
walls.  This  must  be  kept  in  mind  when  the  expansion  of  a  liquid 
contained  in  a  vessel  is  to  be  calculated. 

As  a  rule  solids  expand  when  heated,  i.  e,,  the  coefficients  of 
expansion  are  positive.  Notable  exceptions  are  iodide  of  silver 
which  contracts  between  —  60°  and  + 142°,  cuprous  oxide  which 
has  its  maximum  density  at  4.1°,  diamond  and  fused  quartz  with 
maximum  densities  at  — 39°  and  — 60°  respectively. 

A  caoutchouc  (rubber)  tube  stretched  to  twice  its  original  length, 
or  more,  shortens  considerably  when  steam  is  passed  through  it 
Though  the  coefficient  of  linear  expansion  parallel  to  its  length  is 
negative,  its  volume  increases,  showing  that  the  coefficient  at  right 
angles  to  the  tube  is  positive  and  that  caoutchouc  becomes  upon 
stretching  an  anisotropic  body. 

263.  Expansion  of  LiqTilds.  In  liquids  (and  gases)  we  have  to 
consider  only  volume  expansion  and,  with  the  exception  of  water 
and  aqueous  solutions,  the  coefficient  is  always  positive  and  larger 
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tiian  that  of  solids,  but  it  changes  considerablj  with  teiBpentnre. 
lo  that  for  accurate  determinations  the  third  or  even  the  foanh 
tcnn  of  the  empirical  formula 

Vt  =  V.(i  +  at+pf  +  yf  +  '")  (ao) 

mnst  be  taken  into  account. 

As  in  §  250  the  mean  coefficient  between  the  teinprrjliires  i^  and 
I,  is  given  by 

V  — F   I 

and  the  true  coefficient  by 

We  must  distinguish  between  the  real  expansion  and  the  appar- 
ent expansion  of  a  liquid  contained  in  a  vessd.    Let  tbe  liquid 
occupy  at  0°  the  volume  F,  of  the  vessel,  whose  gradnatioo  is  sup- 
posed to  be  correct  at  this  temperature.    After  being  heated  to 
t^9  it  occupies  a  volume  V^  read  from  the  graduatioa  of  the  vessel ; 
but  owing  to  the  expansion  of  the  vessel  the  real  volume  is  Ff>r,. 
Let  0,  and  a^  be  the  real  and  apparent  coefficient  of  tbe  liquid, 
Op  the  coefficient  of  cubical  expansion  of  the  vesseL    Then 

^i  =  ^.(i+V)  (23) 

F.=  F,(i+V) 

^y  diminating  the  volumes  we  obtain, 

or  neglecting  the  small  quantity  ««*  V  ^"  comparison  with  1,  +  1^ 

a^  =  a^  +  ag  (25) 

*he  real  coefficient  of  expansion  can  therefore  be  determined,  if 
that  of  the  vessel  is  known,  by  observing  the  change  of  the  appar- 
^t  volume  with  the  temperature. 

A  method  independent  of  the  coefficient  of  expansion  of  the 
vessel  is  based  upon  the  determination  of  the  densities  of  the 
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liquid.  If  y^  Vf  and  d^  df  are  the  volumes  and 
densities  at  o**  and  i^  respectively,  we  have  for  a 
given  mass,  Af, 

M=V.d.=  Vtdt  (26) 

But 

Vt  =  V.{i  +  aJ)  (27) 

and 


(28) 


I  +«,/ 


:=J 


I  Let  the  liquid  be  in  two  communicating  tubes 
I  (Fig.  143),  which  are  kept  at  o**  and  /**  respect- 
*  ively,  and  let  the  heights  above  the  common  plane 
be  Hq  and  Hf    Since  the  pressure  upon  this  plane 


Fig.  143. 

of  area  A  is  the  same  on  both  sides, 


and 


AH,d^  =  AHtdtg 
H,  =  H.(i+a,0 


(29) 


(30) 


from  which  a„  of  the  liquid  can  be  calculated. 

Regnault's  (1810-1878)  classical  determinations  of  the  dilata- 
tion of  mercury  were  made  with  an  apparatus  based  upon  this 
principle. 


Cubical  Expansion  of  Liquids  under  Atmospheric  Pressure. 


Substance. 


Mercury. 
Alcohol . 
Ether.... 
Benzol . . 
Pentane . 


a 

fi 

181. 8  X  10  • 
1020 

1480 

1160 

1465 

0.78  X  IO-* 
200 

350 
223 

309 

The  coefficient  of  expansion  of  liquids  increases  considerably  with  the 
temperature  and  becomes  in  some  cases  larger  than  that  of  gases,  especially 
in  the  case  of  liquefied  gases.     Liquid  carbon  dioxide,  for  example,  in- 
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creaso  by  half  its  Tohnne  when  heated  in  a  doted  tube  from  o*  to  30*, 
the  fflcan  coefficient  between  these  temperatores  being  ou>i7. 

The  expansion  of  fiqnids  is  not  independent  of  the  pressure ;  it  decreues, 
vith  the  exception  of  water,  with  an  increase  of  pressure.  For  ether  under 
'^'oospheric  pressure  the  mean  coeffidmt  between  o*  and  so*  is  0.00156, 
lor  100  atmo^heres  0^)0144,  for  1000  atmo^heres  0.0009. 

251  Expansion  of  Water.  Water  fomis  a  remarkable  excep- 
tion to  the  general  rule  that  liquids  expand  with  rising  tempera- 
te^ Its  maximum  density  is  at  4^,  and  below  this  temperature 
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*^  ^ands  again.  In  Fig.  144  the  volume  of  one  gram  oi  water  is 
plotted  as  a  function  of  the  temperature,  and  in  the  table  some 
numerical  values  are  given. 

Expansion  OF  Watcs  undek  Atmospheuc  Pkessuke. 


Temp. 


—10° 

-  5 
o 

I 

2 

_  3 


VoL 

Temp. 

I.00186  cc 

4** 

070 

5 

013 

6 

007 

7 

003 

8 

GDI 

10 

Vol. 

Temp. 

20° 

1. 00000  CC 

001 

003 
007 

012 

30 
40 

50 
80 

027 

100 

Vol. 


1.00177  C.C. 

435 
782 

1. 01 705 

2899 

4343 


At  0°  water  changes  to  ice,  a  process  accompanied  by  consid- 
erable expansion  (§277).  The  curve  for  ice  is  practically  a 
straight  line,  the  ice  contract)^  regularly  with  decreasing  tem- 
perature. By  avoiding  mechanical  disturbance  water  can  be  cooled 
considerably  below  the  freezing  point;  the  expandon  of  this  under- 
cooled  water  is  represented  in  the  figure  by  the  dotted  line. 

If  the  surface  of  a  lake  is  slowly  cooled  the  surface  layers  be- 
come heavier  and  slowly  settle  to  the  bottom  being  replaced  by 
wanner  portions.  This  continues  until  the  whcde  mass  has 
reached  a  temperature  of  4°.  On  further 
cooling  the  surface  layer  becomes  lighter 
than  the  water  below  and  remains  at  the 
top,  until  the  freezing  point  is  finally 
reached;  for  this  reason  water  freezes  from 
the  surface  downward  instead  of  from  the 
bottom  up. 

Hope's  apparatus.  Fig,  145,  is  designed  to 
illustrate  this  process.  The  temperatures 
of  the  ditTerent  layers  of  the  water  in  the 
cylindrical  vessel  is  measured  by  thermom- 
eters inserted  at  different  heights  at  the 
side.  Cooling  is  produced  by  a  freezing 
mixture  of  ice  and  salt  surrounding  the 
upper  part  of  the  vessel. 
The  exceptional  behavior  of  water  may  also  be  studied  by  ob- 
serving the  relative  expansion  of  water  in  a  glass  vessel  consisting 
of  a  large  bulb  with  a  small,  graduated  capillary  tube  (dilatome- 
ter).  Upon  cooling  the  meniscus  will  fall,  but,  after  reaching  a 
lowest  point,  if  will  rise  again.  On  account  of  the  expansion  of  the 
vessel  (see  equation  25),  the  lowest  point  is  reached  when  the 
water  is  at  about  5°,  for  ii,=o  if  (^  =  <v 

The  above  applies  onljr  if  the  pressure  doe*  not  differ  modi  froni  atniM- 
plicric  pressure.  If  it  is  considerably  increased  the  maximuin  deiuitr  will 
lie  found  Bl  lower  temperatures,  tor  a  pressure  of  41.6  atmospherea  it  is 
at  .i,,l°  and  for  145  atmospheres  at  0.6°. 

The  presence  of  substances  dissolved  in  water  also  lowers  the  lentperi- 
tiire  ot  maximum  density  in  a  marked  degree.  The  following  table  shows 
llie  influence  of  common  salt,  NaCl. 
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IiFUTDfCE  OF  Salt  vron  ICaximum  Demsitt  or  Solotion. 

S*Dteah«>d'aP«rCeM.  Tei 

I 

2 


4 
8 


of 

+  1.77 

—  a56 

—  563 
— 16.63 


He  aazmmm  density  for  sea  water  would  be  at  —  $-67*,  bat  before  this 
■■t  B  reached  freezing  will  occur,  under  the  existing  conditions,  cur- 
Mi  be  set  np,  and  die  equilibrium  disturbed.    At  great  ocean  depths  the 

twiMiHiui.   of   die   water   is   about    2.5*    and    remarkably    uniform    for 

hqe  areas. 

S.  Expaaaloii  of  Gaaes.  Law  of  Chqr  LoMae.  As  has  already 
ken  pointed  out  (§  243)  the  expansion  of  air  served  as  the 
fat  means  for  temperature  measurements.  While  measuring  the 
dpansion  of  different  gases  Gay  Lussac  found  in  1802  that  under 
constant  pressure  "  different  gases  possess  the  same  coefficient  of 
Gqttnsion.''  This  is  known  as  Gay  Lussac's  law  or  Charles'  law. 
Charksy  according  to  Gay  Lussac's  statement,  discovered  this 
property  of  gases  in  1787,  but  never  published  an  account  of  his 
Gqperiments. 

More  accurate  measurements  have,  however,  shown  that  this 
^w  is  by  no  means  exact,  and  holds  approximately  only  for  gases 
^hich  closely  obey  Boyle's  law,  while,  especially  in  the  case  of 
^^ses  which  can  easily  be  liquefied — for  example  in  the  last  three 
t^s^  in  the  table  below — the  coefficient  is  considerably  larger. 


C0BFFICIZNT8  or  Expansion  and  Pressure  for  Gases. 


S^^^^en 

qdinm ^ 

Air 

^"Aoodkwide. 

^ytnogen 

^pbordknide 


«,  (Omatant  Frctmr*) 
«■  76  cm.  Hf. 


ap  (CoDtUBt  Volnme) 
«  0  =™  7^  cm,  Hg. 


0.003660 

0.003663 

3663 

3664 

3671 

3668 

3671 

3665 

3710 

3690 

3877 

3682 

3903 

3670 

256.  The  Gai  Law.    Assuming  hydrogen  to  be  an  ideal  gas,  i.  c, 
^c  which  obeys  Boyle's  law,  the  coefficient  of  cubical  expansion 
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-■^.  fa 
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(2)  According  to  Avogadro's  hypothesis  equal  volumes  of  dif- 
gases  contain  under  the  same  pressure  and  at  the  same  tcm- 
re  an  equal  number  of  molecules,  or  their  masses  are  pro- 
to  the  moleailar  weights  of  the  gases.  The  volume  V 
»ted  by  one  gram-molecule,  t.  e.,  a  number  of  grams  equal 
the  molecular  weight  of  the  substance,  for  example  2  grams  of 
is  therefore  the  same  for  all  gases  under  a  given  pres- 
and  at  the  same  temperature.  Substituting  V  in  (56)  we 
lin  then  a  constant,  R,  which  is  the  same  for  all  gases.  Since 
Fm  (36)  is  proportional  to  any  given  mass,  V  equals  V  divided 
V^c  molecular  weight  and  consequently 


R  = 


R. 


molecular  weight 


(38) 


2  grams  of  hydrogen  (density  =  0.00008988  gr./cm.*)  at  o® 
(1=273)  occupy  under  atmospheric  pressure  (F  =  1012630 
<lyncs/cm.*)  22.24  liters  =  22240  cm.*    Therefore 


and 


273  ""  degree 

PV  =  RT= 8.25  X  loT 


(39) 


(40) 


For  gases  which  do  not  follow  Boyle's  law  the  above  conclusions  are  only 
approximately  correct.  With  the  exception  of  hydrogen  and  belinm  PV 
decreases  with  an  increase  of  pressure  under  ordinary  conditions  (S  222)  ; 
^^tttioTt  Cj  in  equation  (33)  must  be  smaller  than  C,  in  (34)  or  o^  <  a^. 
In  the  case  of  hydrogen  PV  decreases  with  increasing  pressure  and  Op'^a^, 

Since  all  gases  approach  the  ideal  state  with  a  decrease  of  pressure,  the 
(<)cfficients  will  approach  equality  as  the  pressure  is  decreased.  In  the  case 
of  hydrogen  the  effect  of  pressure  is,  however,  very  small. 

^cgoault  derived  the  same  conclusions  from  his  experiments  on  the 
expansion  of  gases,  and  found  also  that  with  the  exception  of  hydrogen  the 
^^dent  of  expansion  as  well  as  of  pressure  increase  with  the  pressure. 
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267.  Fluids.  When  a  portion  of  a  liquid  or  gas  is  heated  it 
•^omes  less  dense  than  the  surrounding  mass  and  will  rise,  heing 
'placed  by  denser,  cooler  portions.  Thus  currents  are  set  up  in 
^nc  mass  of  the  fluid.    The  heating  of  water  in  a  flask  with  the 


i3t  rrn: 
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■  !>nm: 


•  -     "       ^im  n  *^ 
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■nif    tn* 


vsoallj  bcisi^  fiiuyiiirc  i**  x: 
r,  a  stronger 


;Tlie  phcDomcDCMi  zslDsl  * 
;the  atmoqihcre  anc  s 
air  is  mmnrrr'y  razii^ 


above.    If  iHs  ^rj-irt  tie  mrn»*  ir 
be  oontiniiallT  mnr  a*  ing  Tr^xror  Ik  juh^   it  ^Rrae 
di£Fers  for  vznx.  znc  nui  zr 
a  gas  flaiDC  =::  ok  igrfr  ic  s. 
in  lantern.    The  c^tgiiui  rnrmr^  ir 
ft  air  can  be  seen  cisrHi'^H  3c  -ne  £ 
iui  is  also  dne  t&   r: 

PMjihts. 

r   The  most  inipoitart  CEznnus  ir   r; 
•  tinds.    Near  the  sea  coasi  •sjersiJ'T  n  -r- 
I  a  sea  breeze  dnriiig  the  dsr.  sixc*; 


ocean  to  the  land  abcrre  vrrx  ok  nrgn-f  zr  rses     nn-T?^ 
li(^  it  is  a  land  breeze  Vrarag  -ie 
hod  and  the  direction  of  ibe  ngiurmriE 


The  trade  winds  are  siWar  jrr'iiniM^ia.  ur  i.  la^fg,  ssik.  ant 
ue  due  to  equatorial  heatisg.  vracs  yMuia  ax  luma-'L  niomn 
near  the  equator  and  a  consrant  t^^h  cf  *"r  =»>»  anr  Irim.  imrtx 
and  south.  Since  the  air  aiim''?  nxDre  i:»wgQt  ts^s^is 
have  a  larger  angular  velodtj  in  tfbe 


appear  to  come  from  a  nonhcastci^  fcecML  ax  -±15  nara 
hemisphere  and  from  a  southeasterij  dlrrr:kc  ix  -dK 
hemisphere. 

The  upper  air  currents  flowing  oflF  towards  djc  pcues  srrfke  ^bs 
sarface  of  the  earth  again  at  a  latitude  of  aboct  35*  and  tbe  cot 
wi  the  northern  hemisphere  appears  as  a  sooth  west  wisd,  race 
it  comes  now  from  regions  having  a  larger  relodtY  towards  ibc 
cast  than  that  of  the  surface  of  the  earth  where  it  strikes. 

G)nvection  currents  in  the  atmosphere  are  doubtless  aided  by 
the  presence  of  water  vapor  which  is  lighter  than  air  and  thus 
increases  the  difference  in  density  between  the  warm  vapor-laden 
and  the  cooler,  drier  portions  of  the  atmosphere. 

To  avoid  loss  of  heat  by  convection,  incandescent  lamp  globes 
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are  exhausted.  The  difference  thus  produced  may  be  shown  by 
the  following  experiment  (Andrews'  experiment).  A  thin  plati- 
num wire  is  stretched  along  the  axis  of  a  g^lass  cylinder,  which 
allows  exhaustion  of  the  air.  Send  an  electric  current  through 
the  wire  and  heat  it  to  a  dull  red.  Upon  exhaustion  the  wirt 
becomes  much  hotter  and  brighter,  because  now  it  does  not  lose 
a  large  part  of  its  heat  by  convection.  Bat  if  bydrc^en,  whose 
molecules  move  faster  than  those  of  air,  is  introduced  in  the 
cylinder  the  cooling  due  to  convection  becomes  so  large  that  the 
wire  carrying  the  same  current  as  before  remains  daric 

CALORIMETRY. 
260.  Heat  Capacity  of  a  Body  aad  of  a  SnbBtance.  Heat  as 
a  physical  quantity  must  be  measured  in  terms  of  a  definite  unit. 
The  unit  chosen  at  an  early  date,  during  the  time  when  the 
caloric  theory  flourished,  is  still  in  use  to-day.  This  arbitrary 
choice  rested  upon  the  experience  that  heat,  or  let  us  say,  quantity 
of  heat,  when  added  to  a  body,  is  proportional  to  the  rise  in 
temperature  and  proportional  to  the  mass  of  the  body.  The  first 
of  ibese  assumptions  leads  to  the  equation 

H=C{t,~t,)  (41) 

C,  »'.  c,  the  ratio  between  the  quantity  of  heat  and  the  tempera- 
ture interval,  is  called  the  heat  capacity  of  the  body  and  is  numer- 
ically equal  to  the  quantity  of  heat  needed  to  change  the  tempera- 
ture of  the  body  one  degree. 

Its  dimensional  formula  is,  energy /temperature  or  [ML'T^ff"']. 

Further  the  heat  capacity  is  proportional  to  the  mass  of  the 
body.    Thus  equation  (41)  becomes 

H^cMit,  —  t,)  (42) 

and 

'--^  (43) 

c  is  characteristic  for  any  given  substance  and  is  therefore  called 
the  heat  capacity  of  the  substance.  It  is  numerically  equal  to  the 
quantity  of  heat  required  to  raise  the  temperature  of  unit  mass  of 
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9k  snhstaocc  one  degree  and  its  dimcnsioDal  fomuila  J*  [l.*T^#'']. 
Ii  (HfTers  for  different  sitbsunces  and  (or  inodificalioiMi  of  the 
Bmc  substance,  for  example,  diamond,  chan-oal  and  grnphite. 

It  abo  depends  to  a  sUehl  extent  upon  the  temperature  (|  M)*;) 
ftod  upon  the  mechanical  treatment  which  the  body  hn«  received ; 
ttiu  soft  copper  has  a  difTercnt  lieat  capacity  from  hard  rolled 
copper. 

S61.  Practica]  Unite  of  RMt  Equation  (4a)  furnishes  a  means 
lot  measuring  quanlilies  of  heat,  if  wc  select  arbitrarily  n  nimier- 
ica!  value  of  c  for  a  dcfmile  subaCance.  Such  a  measurement  will 
ntirely  independent  of  onr  interpretation  of  the  nature  of 
Ik3L  Early  in  the  history  of  heat  measurements  it  was  agreed 
Id  select  water  as  the  calorimeiric  substance  and  for  it  to  make  c 
e^al  to  unity. 

The  unit  of  heat,  thus  derived,  is  called  the  "  calorie  "  and  Is 
defined  as  the  quantity  of  heat  needed  lo  change  the  temperature 
of  one  gram  of  water  one  degree. 

This  is  a  very  convenient  unit  for  all  experimental  work  in 
*hich  wc  have  to  deal  with  purely  thermal  phenomena. 

Strictly  speaking,  the  heat  capacity  of  water  I*  not  a  eonstant 
(or  different  temperatures.  Rowland  was  the  first  to  show  that 
"decreases  from  0°  to  a!)out  30'  and  increases  again  from  that 
point  on.  His  results  have  been  corroborated  by  other  cxperi- 
iifnlers,  though  some  of  them  found  a  slightly  ctiffcrcnl  tcmpcra- 
'ire  for  the  minimum,  namely  40°.  The  variation  at  this  point 
K  however,  extremely  small  and  diffieuU  lo  determine. 

•t  sccurate  work  it  U  necessary  10  •inie  ihe  lemperaiurc  interval  for 
lucl  deflnilioii  of  tbe  calorie.  No  sentrsl  ■Kreement  hai  been  reached 
*?  Pbysicisis.  It  lecms  IksI  lo  chooie  the  inlcrval  belwccri  ij"  «tiit  16*, 
'txciatly  lincc  in  Ihii  case  Ihe  catorio  would  be  equal  to  the  one- 
BUodrcdth  part  of  the  heal  required  lo  raiae  the  teiii|ieralure  of  one  Rram 
"  *4ter  from  0°  lo  loo',  1,  e„  the  mean  heat  caiiacily  of  water  between  Ihe 
'w^mental  points. 

"eiiuentl)'  the  "  large  calorie,"  K,  is  used,  especially  for  ihefmochciiilcnt 
""Mnrcment  (1  267).  This  unit  equals  1000  calories,  i  kg.  of  water  being 
"^KB  inilead  of  1  g. 

In  enpneering  practice  the  "  Britiah  ihermal  unit,  B.  T.  U.,"  li  employml. 
"  u  Ihe  heat  required  to  raise  the  temperature  of  one  pound  of  water 
*"'  degree  Fahrenheit. 


iuH 


liaU.  BpMlllo  BMt.  Aftrr  the  value  of  the  heat  capacity  ol 
,  )ift»  t'ci'ii  ohoNCii  It*  tiiiity,  the  quantity  of  heat  necessarf  to 
I  (viii)ivrnturc  a(  o  f^vcn  maxii  of  any  substance  can  ea 
|9t1i'Ulutri|  If  the  ratio  lictwccn  the  heat  capacity  of  the  sul 
H)i|  llittt  ti(  water  it  known.  This  ratio  is  called  the  spedf 
Bind  li  numerically  equal  to  tlic  heat  capacity  of  the  snb 
KFl^r  lhl«  Tcnaun  muntly  no  distinction  is  made  between  Ibt 
^inKiKillcit.  Niiit  ipccllic  heat  is  often  used  to  mean  tb 
|'fa|i*ti''ly  III  u  RulttiiiiK'e. 

Ha.  Th«  Malhod  of  Hlztnnt.  The  best  known  method 
||triiiliiiii|f  Ihr  Hptx-'ific  licat  of  a  substance  Js  the  method  c 
ftttlN**.  'I'hU  li  twncd  iiiK>n  the  experimental  fact  that,  wh 
\w  tnnrp  tMtdieN,  orlKinally  at  dilTercnt  temperatures,  are 
rin  Ihormul  amlnct,  and  thv  heat  exchanges  take  place  excl 
[  Iwlwvvii  lh«*«  IxhUc*.  the  quantities  of  heat  lost  by  one 
[  ttiP  lyilvm  cqiinln  the  quantity  of  heat  gained  by  the  other. 
p||i1o  vl  njiial  heal  exchanges.) 

I<'iir  onttiiiplo,  let  a  substance  of  mass  M„  and  heat  caps 

liii  lui<lli-il  III  thr  leni|K-rnture  (,  and  then  plunged  Into  M,  gi 

water  vi(  ft  teiiiprralun  (,  <  (,.    Let  the  final  temperature 

intxiiirg  Iw  I. 

'I'lie  Hbuv*  (trlnclple  gives  then 

<iM.a-0=f-W.(*-'J 
and  the  K|icoitic  brat,  s.  Is 

,_>,_^tf.('-0 

The  water  U  contained  in  a  calorimeter,  i.  f.,  a  vessel 
ntlrrer  and  a  tlicnuwweter.  Tht  temperature  of  these  sut 
uliio  rises  fmni  t,"  to  t'  so  that  in  fact  a  larger  amount 
ia  absurbcd,  than  would  be  by  the  water  alone.  This  ^ 
(WDount  U 

^cM(l  —  t,)=U'(l  —  t,)c^ 

)J('  is  callct)  the  watfr  tiftmalfnl  of  ikf  calorimtter,  b 

1  to  a  mass  of  water  which,  as  far  as  heat  exchani 
:eraed,  has  the  saoM  effect  as  the  caiorimeter.    It  u 


4 


junt 
is  ad 


olodtted  if  tfae  muses  wad  iped&c  baM  of  ihc  vnad.  stimr 
R|Btioa  (45)  becomes  tkea 


S  Ac  tody  wteM  ^ceific  beat  U  to  be  dctcnaiotd  nmeU  dwrtotly 

M)>  be  ^i>loT«d  >ad  t^  reUdvc  qiccific  Iwal  o(  ibe  body  wllk  m^Nt 
n  tta  liquid,  y  =  (fi/O   tc  tomid  ;   then 

FnVKmtIr  on  accotmt  of  heat  ezthuiges  witk  the  lurTVundlns*  ht'l  ii 
Im  or  (uncd  I19  the  syiiem  in  the  calorimcicr.  A  cortMlloD  for  (hk, 
sled  oirrection  foi  radiation,  mast  be  applied  (oc  accural 
Fn  lliu  the  ttDdesis  arc  referred  to  laboratory  manuals. 
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364.  Specific  Beat  of  Oasos.  The  ainouni  of  molecular  energy 
'1  a  gas  depends  not  only  upon  its  temperature  but  also  upon  its 
volume  and  pressure.  Let  a  gas  be  enclnseil  in  n  cylinder,  one  eml 
of  which  is  formed  by  a  movable  piston  on  which  a  pressure  /' 
acts;  when  the  gas  expands  it  apparently  does  work  which  eqiiBts 
PaV,  where  AV  is  the  increase  of  volume  o(  the  gas.  Whenever 
a  gas  expands  against  pressure,  it  docs  external  work.  If  a  gas 
is  expanded  without  heat  being  supplied  its  temperature  will  be 
lowered,  since  energy,  equal  to  the  external  work  done,  has  to  be 
Supplied  by  the  gas  itself  and  is  taken  from  the  store  of  heat 
energy  it  contains.  Thus  if  a  gas  is  healed  without  change  of 
viilume,  a  smaller  amount  of  energy  is  needed  for  a  given  rise 
in  temperature  than  when  it  is  allowed  to  expand  and  perform 
external  work  at  the  same  time. 


The  heat  capacity  and  specific  heat  of  a  gas  are  therefore  in- 
determinate quantities  unless  the  exact  conditions  under  which 
the  beating  takes  place,  are  specified.  Similar  reasonii^  would 
apply  to  solids  and  liquids,  but  their  expanuon  is  generally  so  small 
that  its  effect  can  be  neglected. 

We  distinguish  specific  heat  at  constant  volume  s,  and  the  more 
important  specific  heat  under  constant  pressure,  j^  The  latter 
is  much  more  easily  measured  and  may  be  found,  using  the  method 
of  mixtures,  by  passing  a  measured  quantity  of  the  heated  gas 
through  a  long  coiled  tube  immersed  in  a  calorimeter. 

The  two  specific  heats  of  gases  stand  in  a  definite  relation  to 
each  other.  Their  ratio  is  of  importance  for  the  calculation  of 
the  velocity  of  sound  in  gases  (see  Sound).  A  further  discussion 
of  these  quantities  must  be  postponed  to  a  later  section  (see 
thermodynamics,  §320). 

SrBciric  Hbats  ot  Gases. 
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266.  Variation  of  Spedfic  Heat  with  Tsinptiatim  and  State, 
The  specific  heat  increases  in  general  with  the  temperature  (for 
water  see  %  261 )  and  can  be  represented  by  the  empirical  formula 


s  =  a  +  bt +  €(•+■■ 


(49) 


where  a,  b,c,--  ;  are  constants. 

The  change  with  temperature  is  smaller  for  solids  than  for 
liquids  but  becomes  more  marked  in  the  neighborhood  of  the  melt- 
ing point.  For  liquids  the  specific  heat  is  larger  than  for  either 
the  solid  or  gaseous  state. 

The  specific  heat  under  constant  pressure  of  gases  approaching 
the  ideal  state,  t.  e,,  one  for  which  the  gas  law  holds   (§356) 
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dtpcnds  ndtbo'  on  tcmpcntiirc  nor  pressure,  and.  if  referred  to 
Bpil  XObanK  and  the  lacnc  prcssore,  b  ibe  same  for  all  s»ch  gases. 
^  ipedfic  beat  of  eastlf  oxxIcftnUe  gases  tncreases,  btmrrer, 
wHh  the  tcimwiature. 

fU.  Jam  of  Dsloof  tad  Pattt  It  is  qititc  artictrarT  to  refer 
'be  mnnerkal  values  of  beat  capacities  to  unit  mass;  a  law  of 
*  Eeoenl  nature  can  odIj  be  found  by  cboosiag  a  more  natural 
mit.  for  example,  the  mass  of  a  gtam-atom  or  graiD-moleciik. 

In  1819  Dclong  and  Petit  discovered  the  foUowing  law,  "  Tbe 
ilocw:  heat,  i.  e.,  tbe  product  of  tbe  specific  beat  into  the  alomk 
■tight,  is  tbe  same  for  all  clcfDcntarj  sabstances."  The  number 
tluu  obtained  is  abotU  6. 

Since  the  specific  heat  Taries  consideraUj  with  the  temperature 
*»  nile  can  bardlj  be  expected  to  be  rigoroosly  tree.  Carbon, 
^i>na  and  silicon,  in  which  tbe  temperatrire  effect  ts  especialljr 
pronounced,  are  notable  exceptiona  to  the  general  mle,  bat  a^ee 
'^cr  with  it  at  high  temperatures. 

It  cannot,  however,  be  denied  that  we  hare  in  this  law  more 
'^  an  accidental  coincidence  and  that  some  general  law  of 
"Mtuv  is  hidden  behind  it.  Assuming  that  masses  of  diSerent 
mbstances,  pvofiortioaal  to  the  atomic  weights,  contain  an  equal 
Bianber  of  atoms  this  law  suggests  that  all  atoms  have  the  same 
l>eat  capacity. 

Other  investigators  have  attempted  to  extend  Dulong  and  Petit's 
law  to  chemical  compounds  and  have  discovered  laws  of  more  or 
feis  general  application.  For  these  the  student  is  referred  to  text- 
hooks  of  physical  chemistry. 

267.  Thmnochemical  Heasimments.  An  important  problem  in 
ph^ieal  chemistry  is  the  measurement  of  the  quantity  of  heat 
ifcvelopcd  or  absorbed  during  chemical  reactions. 

These  are  usually  represented  in  the  form  of  equations,  in  which 
ttie  chemical  symbols  not  only  serve  to  characterize  the  substance 
but  stand  also  for  a  definite  mass,  namely,  that  corresponding  to 
the  atomic  or  molecalar  weight.    Thus 


Na  +  a  =  Naa 


(50) 


means  that  one  gram -molecule,  t.  e.,  58.5  g.  of  sodium  chloride,  is 
formed  by  the  combination  of  23.05  g.  of  sodium  and  35.45  g.  of 
diktrine; 
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But  from  a  physical  point  of  view  the  equation  is  incomplete, 
since  during  the  chemical  reaction  a  large  amount  of  heat,  namely, 
20400  calories,  is  developed  For  this  reason  the  meaning  of  the 
chemical  symbols  must  be  enlarged  so  as  to  include  the  energy 
contained  in  the  gram-atom  or  gram-molecule  of  a  substance,  and 
we  would  write  equation  (50)  now  in  the  form* 

Na -f- a  =  NaQ  4-.  20400  cal.  (51) 

We  do  not  know  the  absolute  amount  of  energy  in  a  given  mass 
of  a  substance  but  we  have  to  deal  here  only  with  the  differences, 
which  appear  as  heat  or  as  other  forms  of  energy. 

When  heat  is  generated  we  speak  of  an  exothermic,  if  it  is  absorbed,  of 
an  endothermic  process,  in  which  case  the  quantity  of  heat  will  have  the 
negative  sign. 

According  to  the  chemical  reaction  different  terms  are  used,  for  example, 
heat  of  formation,  heat  of  neutralization,  heat  of  combustion,  etc  The 
following  example  will  explain  this: 

(a)  Heat  of  formation : 

Zn  +  S  +  4O  =  ZnS04  +  230,000  cal.  (52) 

Cu  +  S  +  4O  =  CuSO*  +  183,000  caL  (53) 

2H  +  S  +  4O  =  HjSO*  +  192,500  caL  (54) 

(&)  Heat  of  hydration: 

Zn,SO  +  7H,0  =  ZuSOa,  7H,0  —  4,260  cal.  (55) 

(c)  Heat  of  solution: 

ZnSO«  +  aq  =  ZnSO*,  aq  +  18,500  caL  (56) 

CuSO*  +  aq  =  CuSO*,  aq  +  x5,5oo  caL  (57) 

HjSO*  +  aq  =  HsSO^,  aq  +  18,000  caL  (58) 

NaQ  +  aq  =  NaCl,  aq  —  1,200  caL  (59) 

(d)  Heat   of   neutralization: 

NaOH,  aq  +  HQ,  aq  =  NaQ,  aq  +  13,700  cal.  (60) 

(r)  Heat  of  combustion: 

C  +  2O  =  CO,  +  103,000  cal.  (61) 

'  Frequently  also  the  physical  state  is  indicated  by  certain  symbols,  so 
AS  to  thow  whether  the  substance  is  in  the  solid,  liquid  or  gaseous  state. 
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In  some  diemlcal  reactioiis,  for  example,  wlien  zinc  is  dissohred  in  sal- 
phsric  add,  gases  are  produced,  and  tlras  external  work  is  done  in  addition 
to  Ac  prodnction  of  heat.  The  amount  of  energy  thus  set  free  should  be 
nebded  in  the  heat  of  reaction. 

Aa  important  law  for  thermochemical  measnrements  was  discovered  by 
Hen io  1840:  ** The  total  heat  produced  hy  a  chemical  change  of  a  system 
A  of  tobstances  to  a  system  B  is  independent  of  the  manurr  of  transition 
^  one  to  the  other."  This  law  of  constant  heat  sums,  which  is  only 
a  ipcdal  case  of  the  law  of  conservation  of  energy  (see  f  318),  allows 
t^  caknlation  of  the  heat  of  reaction,  even  in  cases  where  the  reaction  is 
iopotaiUe. 

At  an  application  of  Hess's  law  we  will  derive  the  following  heats  of 
Kietion: 

(0  By  the  addition  of  (52)  and  (56)  we  obtain 


Zn  +  S  +  40  +  aq  =  ZnSO«,  aq  +  248500  caL 
^^  (54)  and  (58) 


2H  +  S  +  4O  +  aq  =  H.SO«,  aq  +  2x0500  caL 


or 


H9SO«,  aq  —  S  — 4O  —  aq  =  2H  —  210500  caL 

^ng  (62)  and  (64) 

Zn  +  H,SO«,  aq  =  ZnSO«,  aq  +  ^H  +  38000  caL 

(2)  In  a  similar  way  we  may  derive 

Cu  +  HsSO«,  aq  =  CuSO«,  aq  +  ^H  —  12000  caL 

(3)  By  combining  the  last  two  equations 

Zn  +  CUSO4,  aq  =  Cu  +  ZnSO«,  aq  +  50000  caL 


(62) 

(63) 
(64) 

(6s) 
(66) 

(67) 


*•  e.,  if  a  grammolecule  of  zinc  displaces  a  grammolecnle  of  copper  from  a 
Copper  sulphate  solution  50000  calories  are  developed. 

868.  Heat  of  Oomhiistion.  From  an  engineering  point  of  view 
a  knowledge  of  the  exact  chemical  reaction  is  not  required.  From 
this  point  of  view  the  amount  of  heat  evolved  when  one  gram  of 
the  substance  is  burned  is  called  its  heat  of  combustion,  the  term 
being  used  here  in  a  different  sense  from  that  in  the  last  article. 

HxAT  ov  Combustion  in  Cau  pes  Gsam. 
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CONDUCTION  OF  HEAT. 

Bnkuc*  »t  HMt  bstWMD  Bodies  &t  Differest  1 

It  ititlcmKfs  o(  lcmi>crftture  exist  between  the  t 

m  <vM   Uir  i^iili  ol  one  body)   there  13  always  a  ten     ^ 

KiW4l\kk  v<4ti<i)italii,in  of  temperature  by  an  exchange  of  heat  b 

lw««H  iW  Uittiv*.     Kremwntly  three  modes  of  transference  of  ht»' 

*  l.'>N>iii« ftfM.  This  is  K  transfer  of  heat  from  one  portion  of 
IM*»»«  K>  NiMher  at  lower  temperature  and  in  contact  with  iL 

*v  l^fM«w%f«iM.  We  hive  »«ii  in  §  ^57  that  convection  of  fluids 
(tau)l«  Ut  MS  viftMUiMtton  of  leiii[H;rature,  though  the  actual  transfer 
(*l  h<f«*t  !t\>Mi  tin«  i^irtiiw  of  th*  system  to  another  takes  place 
w>b  whv»  ttiv  hMlrU.  wwviHjE  particles  come  into  contact  with 
\^Mn  b\><ttv«  tktvA  thiw  jive  op  heal  by  conduction. 

ii  KvAMmm.  K«vlMt)Oil  i»  k  truuler  of  energy  from  one  body 
Iv  kH^K«»  wiih«>Mt  he«titm;  of  the  intervening  medium.  Energy 
l^aUM  luiv  i^vNT  w«  »wch  a  tuanner  that  it  can  no  longer  he  raeas- 
Wiv*l  kUi<^,>«^  tn  h<s»t  luiitj,  \Vc  can  say  therefore  tliat  heat 
iHW4)LV  «l  iHw  watMxft  N.^  bevwnes  a  form  of  energy  called  en- 
«t||.V  v^t  l«i|fiii(k>M.  whivh  t^Me*  out  into  space  and  upon  being 
ittiM^tuKt  ^.t  iltm>4hvi  N.Hi.<  rai»s  tbe  tnttfterature  of  the  latter,  i.  t., 
U  nrt>«»"K>t«K\l  mt\«  hcjit  eBergy.  Though  in  the  end  there  is 
VA  t\i\>Mvf,t  v>f  W«t.  laJutKU  is  not  \  direct  transference  of  heat 

l.V)MtwtU>*t  U  (Itvnton  ^  ««ly  fnttu  in  which  energy  passes 
(U  »wck  »  VMi.»  (Wm  w»  Wly  *•  wodW  or  aJong  a  body  that  it 
\>4it  W  KHMMitvi  M  tiMl  oKTfv  sU  sloas  its  path. 

itft,  0»l»tW»>M>  «(  Wmk  te  aiMk  Heat  always  travels  from 
MtM  M  <K<Mf(  nwtttr  wA  (W  «¥.c*iMm  is  the  vnn  rapid  the 
UrBM  t>»  Aftwtnw  «*  vm^twm*  per  wut  of  p»ih.  The  qoan- 
UV  t*.  —  '.V"*  l»  mJW*  At  HfcrtWwt  fradient  In  tbc  directioii 
In  WhWh  t  i*  WMMMd 

til*  eon^'lt>i^v  s>r  (».>««(  to  tT«ns»it  beU  virio  considn^itr 
wMi  *«tw«rt  wl^taiw*.  TboB  a  baramc  ■■•*  cm  be  beM 
WIIU  «U  ^mm  w«;lwa  Ue  &Bcm:  one  (ad  «f  a  piece  of  gtass 
nny  btt  bMM4  fat  »  ftuMsen  Sum  «wl  il  wtO  terdix  becoaae  wnai 
•  fm  c«MteMttn  tnwa  ll»  l««  cwL  wlHle  a  aetal  ml  of  the 
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TIx  apparent  coldness  of  metals  ai  a  somewhat  loircr 
'"n  than  the  bumaa  body  is  explained  b;  Ibeir  good 
Tiij  carry  away  the  heat  from  the  hand  faster  titan  it  is 
iHd.    If  metals  are  at  a  higher  temperature  than  the  body  they 
■iU  appear  hotter  than  poorer  conductors  of  heat. 

Hie  difference  in  conductiifity  is  easily  demoostrated-  Wrap  a 
shM  of  thin  paper  around  a  cylinder  one  end  of  which  is  made 
of  neUl  and  the  other  of  wood.  If  the  cylinder  is  then  held  in  a 
Sine  the  paper  will  f  har  where  it  covers  the  wood,  bat  it  will  not 
be  changed  where  it  is  in  contact  with  the  meiaL  The  line  where 
>1k  Iwo  substances  join  is  clearly  marked  on  the  paper.  The 
"tul  has  carried  off  enough  heat  to  protect  the  paper  from 

In  faa  (he  Hame  in  the  neighborhood  of  a  cool  good  conductor 
^  not  actually  touch  the  conductor  but  is  cooled  far  enough  to 
rweni  combustion.  We  can  boil  water  in  a  paper  tray  because 
^t  temperature  of  the  latter  cannot  rise  above  that  of  boiling 
*atcr  and  consequently  will  not  btim. 

Davy's  safety  lamp,  used  for  the  protection  of  miners  from 
t)i[ilasioD  of  gases,  a  fine  wire  gauze  surrounds  the  light  and  pre* 
^ts  the  flame  of  the  gas  which  may  pass  into  the  lamp  and  bum 
''tfe,  from  igniting  the  gas  outside.  To  show  this  efltcct  place 
wire  gauze  over  a  Bunsen  burner  and  light  the  gas  either 
^Iwve  or  below.  The  gas  on  the  other  side  will  not  be  affected 
""'il  the  separating  gauze  becomes  red  hot.  Then  the  flame  breaks 
""■Qiifh.  Davy's  lamp  will  iherefore  be  a  safeguard  only  as  long 
*•  the  burning  gas  does  not  overheat  the  wire  gauze. 

TTie  conductivity  of  different  metals  varies  widely.  If  iwo  rods 
"  the  same  size,  but  of  different  materials,  are  covered  with  wax 
"■■i  one  end  of  each  is  kept  in  a  flame  for  some  lime,  tlie  wax 
•lil  have  melted  to  a  farther  distance  from  the  flame  on  the  rod 
^ving  the  greater  conductivity.  At  first,  i.  e.,  before  the  steady 
■taic  is  reached,  the  heat  capacities  of  the  substances  greatly  in- 
"twnce  the  result  and  therefore  no  definite  conclusions  can  be 
Wawn  from  this  experiment,  while  the  temperatures  along  the 
irs  still  vary  with  the  time.  After  the  flow  of  heat  has  become 
•teady  the  temperature  at  every  point  remains  constant  and  there 
a  gradual  decrease  in  temperature  from  the  hotter  end  to  th^ 


CONDUCTION  OP  HEAT. 


217 


in  ihe  following  tabic  must  l>e  considered  as  only  approximately 
rorrcct  Conductiviiy  plays  an  important  role  in  the  heating  of 
lioilers.  It  is  not  alone  the  metal  of  the  boiler  that  must  be  con- 
iidercd  in  this  respect  but  also  the  soot  or  grease  on  the  outside 
and  the  scale  deposited  from  the  water  on  the  inside.  In  engi- 
mering  practice  it  is  assumed  that  o.oi  in.  of  soot  or  grease,  o.l 
rn,  of  scale  and  10  in.  of  metal  are  equivalent  to  each  other. 


Thermal  a 


to  be  closely  related  phenomena, 
al  eonductivity  and  Ihat  of  clec- 
man;  melals.  Both  these  (juan- 
n  Ibc  case  of  pure  metals,  their 


d  electrical  eonducliv 
lie  ratio  belweni  the  cocfBcienl  < 
Incal  coDduclivity  is  nearly  the  s; 
lilies  dccrcaw  with  the  temperatui 
icmperalure  coefficients  are  [be  same. 

The  clectromagnelic  theory  of  light  shows  that 
t«t»een  the  Optical  constants  oE  a  substance  and  its  electrical  conductivity. 
1'  itims  therefore  not  improbable  that  heal  conduction  may,  at  least  in 
0  between  the  molecules. 


27S.  CondnctlTitr  of  Liquids  and  Oues.  Liquids  have  in  gen- 
fral  only  a  low  conductivity  for  heat  as  compared  with  solids.  To 
'liow  this  the  liquids  must  be  heated  from  above  in  order  to  pre- 
'tni  convection.  We  can  thus  boil  water  in  the  upper  part  of  a 
'"Uube  without  materially  changing  the  temperature  of  the  lower 
layers. 

Coefficients  Of  Thermal  Cokductivitv. 

L  plate  I  cm.  thick,  if  the 


"^  calories  pass  in  one  second  through  t 
difference  of  temperature  on 


°  C.) 


* 

Silrer 

1.00 

Class 

Copper 

0.90 

00s 

0.70 

Bssill 

005 

□001 

Zinc 

Pine  wood  1  fiber 

Pine  wood  i  fiber 

Bismuth 

Fell 

00009 

_^  Mercury 

aol6 

nannel 

00004 

W4ler 

Hydrogen 

0.00031 

BCDIOI 

0,0004 
0-0003 

Carbon  dioiide 

0.00005 
0.00003 

'^ases  are  still  worse  conductors.  The  poor  conductive  qualities 
"'  solids  of  loose  structure,  as  wood,  paper,  sawdust,  wool,  asbestos, 
"■'f.,  is  mainly  due  to  the  air  confined  in  the  interstices  between 
'^f  solid  material.    In  such  substances  the  transference  of  heat 
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must  be  very  slow.    Upon  this,  for  example,  depends  the  "  wannth  " 
of  woolen  clothes. 

The  coefficient  of  thermal  conductivity  of  gases  is  independent 
of  the  pressure,  except  when  the  pressure  is  very  small. 

CHANGE  OF  STATE. 
273.  Otaanges  of  State  with  Kin  of  Teinpantare.  When  a  solid 
crystalline  body  is  heated  its  temperature  rises  until  it  begins  to 
melt  or  fuse.  If  the  heat  is  not  supplied  too  fast,  so  that  the 
temperature  is  uniform  throughout,  no  further  change  in  tem- 
perature will  be  observed  as  long  as  a  part  of  the  body  is  still 
in  the  solid  state.  After  the  whole  mass  is  melted  the  temperature 
of  the  liquid  rises  upon  continued  healing  to  a  point  at  which 
boiling  sets  in.  Then  the  temperature  remains  constant  again 
until  the  substance  is  entirely  changed  to  vapor,  when  the  tem- 
perature once  more  begins  to  rise.  At  the  stationary  temperatures 
which,  under  the  existing  atmospheric  pressure,  are  characteristic 
constants  for  each  substance,  the  solid  and  the  liquid — or  the  liquid 
and  the  vapor — are  in  equilibrium  with  each  other,  so  that  a 
mixture  of  the  two  will  remain  unchanged  if  no  heat  is  supplied 
or  removed. 

While  we  shall  consider  in  the  following  only  the  solid,  liquid  and 
gaseous  stales  and  the  phenomena  connected  with  a  tTaosition  from  one  of 
these  into  anotbet  (including  the  phenomena  of  solution),  the  change  of 
one  allotTOpic  modification  of  a  substance  to  another  belongs  clearly  in  thii 
chapter.  Wc  find  here  also  definite  transition  temperatures,  absorption  or 
evolution  of  beat  during  the  transformation  and  a  change  of  deniitjr  and 
other  physical  properties.  Rhombic  sulphur,  for  example,  become*  tinder 
atmospheric  pressure  monoclinic  at  95.$°  and  during  thia  process  a.j} 
calories  are  absorbed  by  one  gram  of  sulphur. 

In  considering  changes  of  state  from  this  more  general  point  of  view 
the  term  "  phase  "  is  widely  used  to  denote  any  component  of  a  system  of 
bodies,  which  is  homogeneous  and  differs  in  its  physical  propertieB  from 
the  rest  so  that  it  can  be  removed  from  the  system  by  purely  mechanical 
means.  A  mixture  of  ice  and  water  consists  of  two  phases,  a  solution 
containing  undissolved  salt  and  in  contact  with  an  atmosphere  of  water 
vapor  is  a  system  of  three  phases,  to  which  one  more  phase  mtut  be  added 
if  also  ice  be  present.  From  this  point  of  view  allotropic  modifications 
are  separate  phases.  The  phenomena  studied  in  thit  chapter  are  only 
fecial  casea  of  the  general  cquilibriuni  between  any  number  of  diSeieal 
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17*.  Uelting  Point.  The  melting  point  or  fusing  point  of  a 
snbstance  is  the  temperature  at  which  the  solid  and  liquid  slates  are 
in  tquilibrium  under  the  existing  pressure.  It  is  usually  referred 
to  atmospheric  pressure.  Above  this  temperature  the  subslauce  is 
i  liquid,  below  it,  as  a  rule,  a  solid.  We  disregard  for  the  present 
the  possible  formation  of  vapor  on  the  surfaces  of  the  solid  and 
liquid.  When  a  liquid  is  cooled  solidification  sets  in  when  the 
■Ddting  point  is  reached  and  for  this  reason  the  melting  point  is 
frequently  also  called  the  freezing  point.  (For  supercooling  see 
I  TO) 


Ueltihc  Po 

NTS  AMD   BoiLI 

C    POIHTS    CKD 

K  Atmosfhzhi 

Pbessure, 

SdM««. 

Mdttor  Pf^"". 

Eubiunct. 

U«JilDs  Polni. 

BolUnt  Pi^Di. 

AlgmfmniD 

6i,- 

Cadmiam 

311  = 

778" 

Gold 

IO63.S 

Copper 

10S4 

about  2 100 

Itidiom    ' 

I.CBd 

3'7 

1170 

Inn 

Mercury 

-38.8 

357 

Steel 

I3SO 

Phosuboros 

44.3 

287 

Nkkd 
ChDnuD 

I4S4 
2500 

Sodmm 
Sulphur 

975 
IIS 

about    goo 
444.5 

nMirnun 

1778 

Tin 

^H 

about  1500 

SUtu 

961 

Zinc 

419 

"        930 

(Me  alto  table  on  p.  246.) 

175.  8iip«rcooling.  A  liquid  can  generally  be  cooled  below  its 
normal  fusing  point  without  solidificalion.  Thus  water,  if  pro- 
'Kted  from  mechanical  disturbance  or  if  covered  with  a  layer  of 
lil,  will  remain  liquid  at  —  10°  or  in  capillary  tubes  even  at  — 20°. 
'Iiis  phenomenon   is   called   "supercooling,"   "undercooling"   or 

-urfusion."  Supercooled  liquids  are  in  unstable  equilibrium; 
■"■',  if  disturbed,  they  will  immediately  pass  into  the  stable  state, 
■'■'•i  mixture  of  solid  and  liquid,  at  Ihc  normal  fusing  point. 

Ihe  rise  of  temperature  accompanying  this  readjustment  is  due 
'■'  'he  large  amount  of  heat  set  free  by  crystallization  (see  §  279), 
■ 'yi>osuIphite  of  sodium,  Na,S,0,  -(-  5H,0.  after  being  melted  at  a 
'"ipcralurc  above  50°  may  be  cooled  and  kept  liquid  at  ordinary 
''^^niperaturcs.  But  as  soon  as  a  crystal  of  the  salt  is  added  soHdi- 
^ation  begins  and  the  temperature  rises  to  the  melting  point 
47.9'.  (Other  examples  are  glaubersalt,  Na.SO,  +  ioH,0  with 
'tntlting  point  al  32.38°,  and  sulphur  which  melts  at  115°.) 

Since  the  temperatures  reached  when  solidification  under  these 
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s  mixture  which  has 

r  a  given  pressure) 

y  definite  compo- 

called  3  cryohy- 

The    cryohydrale  

2  sodium  chloride  solu- 
p  contains  26.6  per  ccnl. 
1  and  solidifies  at  — 23°,     (NaCl  melts  at  about  800°). 
Uloys  and  mixtures  of  crystals  behave  similarly.     Thus  we  find 
I  that  an  alloy  has  a  lower  melting  point  than  the  pure 
s  which  it  contains:  and  if  the  curves  are  plotted  showing  the 
idence  of  the  melting  point  upon  the  amount  of  the  metals 
t  curves  similar  to  those  in  the  case  of  solutions  would  be 
The  alloy  corresponding  to  what  was  called  in  solu- 
i  the   cryo-hydrate   is    called   a    "euteclic"   mixture,     Rose's 
I  alloy  of  bismuth,  lead  and  tin,  melts  at  96°,  Wood's 
J  which  contains  also  some  cadmium  at  70". 

r  the  behavior  of  alloys  ia  coniplicaled  by  ihe  fact  tbat  neither 
e  solvent  nor  the  pure  dissolved  body  crystallize  oat,  but  definite 

I  solid  solutions,  which  in  general  have  a  dilTcrer 
il  of  the  remainins  liquid.    In  such  c 

r  of  definite  concentration  besiii  at  different  temperatures. 
;  of  cheinical  compounds  with  distinct  freezing  points  may  c 
still  funher. 
c  Landoll  and  Boemstein's  Tables,  5th  ed.,  p.  iiaa-iiim. 

S77.  Ohaoge  of  Volume  darinK  Fnoioii,  Most  substances  expand 
during  fusion  and  contract  during  solidification,  so  that,  if  both 
stales  arc  present,  the  solid  sinks  in  the  liquid.     Notable  excep- 

ws  to  this  rule  are  water,  bismuth,  cast  iron  and  type  metal. 
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The  density  of  ice  is  only  0.916  gram/cm.*  at  o*  while  that  of 
the  liquid  state  is,  at  the  same  temperature,  0.99987  gram/cm.' 

This  expansion  daring  freezing  is  of  great  importance  in  nature, 
preventing  a  complete  freezing  of  lakes  during  the  winter  and 
accelerating  the  disintegration  of  rocks  whose  fissures  are  filled 
iK-ith  water.  If  water  is  enclosed  in  a  vessel  the  pressure  exerted 
during  freezing  is  very  large,  and  will  easily  burst  thick  metal 
tubes  (freezing  of  water  pipes). 

The  expansion  of  iron  and  type  metal  during  solidification  is 
used  for  an  exact  reproduction  of  the  mold  into  which  they  are 
cast. 

278.  Influfliica  of  PieMuie  Upon  the  Meltiiif  Point.  The  melt- 
ing point  depends  to  a  slight  extent  upon  the  pressure.  Substances, 
as  water,  which  expand  upon  solidification  have  their  melting 
points  lowered  by  pressure  and  ince  versa. 

The  freezing  point  of  water  is  lowered  0.0072®  by  an  increase 
in  pressure  of  one  atmosphere  f.  e.,  it  requires  a  pressure  of  nearly 
150  atmospheres  to  prevent  the  freezing  of  water  at  —  I®  (see 
also  §328). 

Snow  at  o®  is  easily  formed  into  a  snowball  by  the  pressure  of 
the  hand ;  if  the  pressure  is  released  the  water  in  the  interior  will 
freeze  again.  But  in  colder  weather  the  snow  will  not  "pack." 
Two  pieces  of  ice  pressed  against  each  other  in  warm  water  will 
freeze  together  as  soon  as  the  pressure  is  removed.  This  process 
is  called  re  gelation.  A  very  instructive  experiment  is  the  follow- 
ing, first  performed  by  Bottomley.  Place  a  block  of  ice  with  its 
ends  upon  supports  and  hang  over  it  a  heavy  weight  by  means 
of  a  fine  wire.  The  pressure  on  the  under  side  of  the  wire  will 
melt  the  ice  and  the  wire  will  slowly  cut  through  it.  Above 
the  wire  the  pressure  has  the  normal  value  and,  since  heat  is 
absorbed  during  fusion,  the  wire  is  at  a  temperature  below  o®  and 
the  water  will  freeze  again  above  the  wire  so  that  a  solid  piece 
of  ice  is  formed  again.  If  an  attempt  is  made  afterwards  to  break 
the  ice,  the  break  is  as  liable  to  occur  at  any  other  place  as  in  the 
plane  through  which  the  wire  passed. 

The  movement  of  glaciers  is  partly  due  to  regelation.  The  load 
resting  upon  the  lower  parts  is  large  enough  to  melt  the  ice 
wherever  it  is  in  contact  with  the  resisting  rock.    The  structure 
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e  ice,  which  is  an  aggregation  of  many  fragments  oriented  in 

t  ways,  facilitates  the  motion. 
I.  Heat  of  Fnaion.  We  have  seen  (§273)  that  heal  is  re- 
y  melt  a  crystalline  solid  but  that  the  temperature  remains 
Utant  during  this  process.  The  larger  part  of  this  heat  energy 
to  do  the  internal  work  necessary  to  produce  the  change 
le,  while  the  external  work  is  usually  small.  When  a  liquid 
Idifies  the  same  amount  of  heat  is  set  free  as  is  absorbed  during 
nefaction. 
|,Heat  of  fusion  of  a  body  (or  latent  heat  of  fusion)  is  the 
uttity  of  heat  necessary  to  melt  the  body  without  changing  it) 
knperature.  Since  this  quantity  of  heat  is  proportional  to  the 
s  of  the  body  we  have 

H  =  LJtf. 

F  The  proportionality  factor  L,  though  not  heat,  is  called  the  heat 
Wri  fusion  of  the  substance  and  may  be  defined  as  the  ratio  of 
I  Bit  quanlily  of  heat  which  is  required  to  change  the  body  al 
'  the  melting  paint  from  the  soiid  to  the  liquid  state  to  its  mass, 
nerically  equal  to  the  quantity  of  heat  necessary  to  melt 

"nil  mass  of  the  substance.     Its  unit  is  a  calorie  per  gram  and  its 

Jimensional  formula 

[Heat  of  fusionl  =  [LT'} 

This  heat  may  be  measured  by  th«  method  of  mixtures.  Let  a 
»lid  of  mass  M,  at  the  temperature  f,  be  introduced  into  a  calorim- 
Mfr  whose  total  water  equivalent  (calorimeter,  stirrer,  thermoin- 
*tef  and  water)  is  M,  and  temperature  ',.  The  latter  must  be  high 
I  mough  to  ensure  a  tcmpcraiurc  of  ihe  mixture,  t,  above  ihe  normal 
Idling  point,  („  of  the  solid.  Let  the  heat  capacities  of  the  sub- 
e  investigated  be  c,  in  the  solid  and  c,  in  the  liquid  state. 
y  the  principle  of  equal  heat  exchanges 


led  in  ^^^ 

is  re-  I 

mains  ) 


4 


M.[r.('.-',)+i  +  '.('-'.)]=«^.(',- 


(«9) 


0  which  L  may  be  calculated. 
y  It  is  apparent  that  the  reverse  process  may  be  applied,  t.  e.,  tlutl 
pnbsUnce  may  be  solidified  in  the  calorimeter. 
\  The  heat  of  fusion  of  water  is  80  calories  per  gram.     This  largt 
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value  has  some  influence  upon  climatic  conditions  in  prevent- 
ing a  sudden  transition  from  fall  to  winter,  and  winter  to  spring. 
The  heat  of  fusion  of  water  being  known  e(]uation  69  may  be 
used  for  the  determination  of  the  specific  heat  of  a  substance,  by 
surrounding  it  by  ice  at  0°  while  the  body  of  mass  M,  cools  Ironi 
the  tcnipcralure  /"  to  0°.  and  measuring  the  amount  M,  o!  the  ice 
melted.     In  this  case,  equation  (69)  simplifies  to 


M,L  ^  M,cJ, 


(70) 


280.  Freezing  Hixtnres.     During  the  process  of  solution  heat 
is   frequently  absorbed,  especially  in  case  of  some  nitrates  atid| 
chlorides  (sec  §  367,  equation  59),  and  this  may  be  employed  for 
the  lowering  of  temperatures.    The   effect  will   be  much  more 
marked  if  heat  of  fusion  disappears  at  the  same  time. 

A  mixture  of  snow  or  ice  with  common  salt  is  universally  em- 
ployed as  a  freezing  mixture,  resulting  in  the  formation  of  a  con- 
centrated salt  solution.  The  best  results  will  be  obtained  if  thC 
quantities  are  chosen  in  a  proportion  corresponding  to  the  cryo^ 
hydrate.  The  temperature  reached  is  then  the  melting  point  of 
the  cryohydrate.  Thus  with  a  mixture  of  ice  and  salt  — 23°  may  J 
be  reached,  with  one  of  ice  and  calcium  chloride  even  —42". 

881.  Vaporisation.  VapotHxation  is  the  transition  of  a  liquid 
or  a  solid  into  the  gaseous  slate.  The  change  from  a  liquid  to  kj 
gas  is  called  evaporation  and  takes  place  continuously  at  the  free^ 
surface  of  a  liquid,  1.  e.,  a  surface  which  is  not  in  direct  cootadi 
with  a  solid  or  another  liquid.  This  is  easily  explained  by  the] 
molecular  theory. 

During  evaporation  some  molecules  of  the  liquid  have  a  velodtirj 
large  enough  to  carry  them  through  the  surface  beyond  the  sphere  1 
of  influeoce  of  the  molecules  forming  the  bulk  of  the  liquid.  They  ' 
become  thus  gaseous  molecules  and  as  such  exert,  if  enclosed  in  ' 
a  vessel,  a  definite  gas  pressure  due  to  their  impact  against  th* 
walls. 

In  ordinary  language  the  term  "vapor"  is  used  for  a  gas  if  it 
is  thought  of  as  being  formed  from  a  liquid  or  a  solid  (but  see| 
also  §301). 

In  a  manner  similar  to  that  described  abore  a  soKd  may  change 
into  vapor  withotil  previous  fusion.     The  passage  froro  tbe  soli 
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ilirccUy  into  Ihc  gaseous  state  is  called  subliiiialton  (3393). 

The  reverse  process,  namely  the  change  of  a  gas  or  vapor  into 
a  liqiiii)  or  solid,  is  called  condensation. 

382.  Evaporation  In  a  Qloeed  Vessel  If  several  cubic  centi- 
meters of  a  liquid  arc  introduced  into  a  Torricellean  vacuum  (see 
JJiS)  a  part  of  it  will  evaporate  and  due  to  the  pressure  of  the 

Ivi|Kir  the  mercury  column  will  fall,  but 
»0n  all  visible  evaporation  will  cease 
urf  an  equilibrium  be  eslablishcd.  since 
a  many  molecules  leave  the  remaining 
iiiuid  in  unit  lime  as  enter  it  from  the 
npor. 

The  \-apor  which  is  tn  equilibrium  with 

i!s  liquid  is  called  "  saturated "  vapor, 

Al  a   given    temperature    ihc    physical 

I"      properties  of  saturated  vapor,  as  density, 

^^Jltssure,  etc.,  are  perfectly  defined. 

^H  The    difference    between    the    atmos- 

j^^Kric  pressure  and  that  corresponding 

r      lo  the  height  of  the  mercury  in  the  tube 

coniaining  the  liquid  with  its  vapor  is 

thus  a  constant  for  a  given  substance  and  given  temperature.  It 
IS  the  maximum  pressure  the  vapor  can  have  at  that  temperature 
and  is  called  the  vapor  leitsion. 

The  volume  occupied  by  the  vapor  does  not  affect  the  vapor 
tension,  as  is  easily  shown  by  using  tubes  of  different  width  or 
length    for   the    experiment    ( Fig.    1 49) .     Upon    compression    the 
I     vapor  will  condense  and,  if  the  pressure  is  constanlly  kept  higher 
^Hnn  the  vapor  tension,  finally  all  vapor  will  disappear. 
^K If  only  a  very  small  amount  of  the  liquid  were  introduced  in  the 
^Hue,  all  of  it  would  evaporate  and  the  resulting  vapor  he  unsatu- 
rated or  superheated.     If  such  vapor  is  placed  in  contact  with  the 
liquid,    further   evaporation    will    take   place,   until   the   vapor   is 
saturated. 

13.  Vapor  Tension  Dependent  upon  Temperatnie.  The  vapor 
ion  of  a  substance  may  be  measured  as  descritwd  in  the  last 
:le  or  by  any  other  method  used  for  measuring  gas  pressures. 
i  a  definite  function  of  the  temperature  and  increases  some- 


326  HEAT. 

wtuit  foster  than  the  latter.  The  vapor  tension  cnrre  for  water  is 
drawn  in  Fig.  149  and  the  nttmcrical  values  arc  given  in  the  table 
below. 

Vamb  Twmsion  or  Watd  ik  Cm.  o»  ICocmr. 


Dtcm 

T— >«. 

D<««. 

T«l^ 

!>«>». 

T«™ 

— » 

0,096 

40      . 

S-So 

100 

76.0 

o,ai6 

0-458 

>4-9a 

ISO 

357 

70 

300 

H6S 

3980 

30 

3.'56 

90 

S«.6o 

300 

6760 

At  an;  point  of  the  curve  water  and  water  vapor  are  in  equJ- 
librinni,  bnt  not  at  any  other  point 
of  the  diagram.  Suppose  water 
and  its  vapor  to  be  in  a  closed  ves- 
sel (barometric  tube  for  example] 
allowing  a  variation  of  tempera- 
ture and  pressure.  At  20°  the 
pressure  of  the  vapor  is  1.74  cm. 
of  mercury.  Let  the  pressure  be 
I  /  increased  say  to  7.15  cm,  of  mer- 

cury; the  vapor  will  all  condense 
and  no  vapor  can  exist  under  this 
pressure,  except  when  the  tempera- 
ture is  raised  to  at  least  45°.  On 
•""^  '"^  the  other  hand  if  the  pressure  is 

reduced  and  kept  low,  evaporation  will  continue  until  finally  all 
the  liquid  is  changed  to  vapor. 

284.  Dalton's  Lav.  If  the  space  over  a  liquid,  instead  of  being 
a  vacuum,  contains  another  gas  which  does  not  act  chemically 
tipon  the  vapor,  evaporation  takes  place,  but  at  a  diminished  rate, 
until  the  pressure  of  the  vapor  alone  equals  the  vapor  tension. 
The  presence  of  other  gases  has  no  influence  upon  the  total 
amount  of  evaporation.  In  the  end  there  is  a  mixture  of  gases 
each  of  which  might  be  considered  as  having  its  own  individual 
pressure.  The  pressure  of  the  mixture  equals  the  sum  of  the 
pressures  of  its  constituents. 
It  is  therefore  a  common  experience  that  water  evaporates  freely 
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I  air  at  ordinary  temperatures  except  on  very  moist  days.  The 
total  air  pressure  is  considerably  above  the  vapor  tension  of  water, 
but  the  amount  of  water  vapor  is  usually  so  small  that  its  partial 
pressure  is  below  it. 

The  larger  the  difference  between  the  vapor  tension  and  (he 
partial  pressure  of  the  vapor  above  the  liquid,  tbe  greater  is  the 
rate  of  evaporation.  For  this  reason  evaporation  is  accelerated  by 
blowing  relatively  dry  air  over  the  surface  of  the  liquid  (wind 
effect)  or  by  a  rise  of  temperature.  Naturally  under  otherwise 
equal  conditions  an  increase  of  the  surface  will  also  increase  the 
amount  evaporated  per  second. 

285.  EbnUition.  Boiling  Point.  If  the  vapor  tension  of  a  liquid 
becomes  as  great  as  or  slightly  greater  than  the  pressure  of  the 
atmosphere  (or  mixture  of  gases)  in  contact  with  it,  evaporation 
will  take  place  not  only  at  the  free  surface  but  also  below  it,  usually 
on  the  walls  of  the  vessel  containing  the  liquid,  i.  e.,  vapor  bubbles 
will  be  formed  in  the  interior  of  the  liquid  and  rise  to  the  surface. 
This  phenomenon  is  called  boiling  or  ebullition. 

The  boiling  point  of  a  liquid  is  therefore  the  temperature  at 
-■a-kich  its  vapor  tension  equals  the  pressure  of  the  surrounding 
atmosphere.  The  norma!  boiling  point  is  always  referred  to  an 
atmospheric  pressure  corresponding  to  a  barometric  height  of 
76  cms.  at  0°. 


BolLIKG   I 


^      SabHuM. 

^H     Anilin 
^^V    Chtotofbrm 


:  Liquids  under  ATUosruEBic  Psessijue. 
.so  Table  oh  p.  aig. 


6i 


Elher 

Toluene 


S80.  8tip«Tbeating.  Just  as  a  liquid  can  be  cooled  below  the 
freezing  point  without  solidification  as  long  as  the  solid  state  is 
absent,  so  also  vaporization  may  be  prevented  if  care  is  taken  to 
Kclitde  tiie  gaseous  state,  i.  e.,  to  let  the  liquid  have  no  free  sur- 
If  3  clean  glass  tube  about  90  cenlimeters  long  and  closed 
s  end  is  filled  with  mercury  and  a  little  air-free  ether  and 
a  inverted  in  a  deep  mercury  trough,  the  elher  will  rise  through 
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the  mercury  to  tin-  li>i>.  If  no  air  space  is  left,  no  evaporation  wiB 
take  place,  though  the  ether  may  actually  lie  under  tcnsioD  (when 
the  mercury  column  is  longer  than  76  cm.)-  A  slight  blow  against 
the  lube  will  bring  about  sudden  evaporation  and  the  e&tablishmcDl 
of  ilalile  c<iuilibrium. 

tluiling  of  a  liquid  may  be  retarded  in  a  simitar  manner.  A 
itpherule  of  water  suspended  In  oil  of  the  same  density  may  bt 
heated  to  ijo*  without  evaporation  taking  place.  A  liquid  in 
whieh  boillntt  Is  thus  prevented  at  a  temperature  higher  than  tbt 
boiling  point  is  said  to  he  superheated. 

Usually  minute  air  bubbles  adhere  to  the  walls  of  a  vessel  con- 
taining a  li<iuid  and  at  these  places  the  formation  of  the  vapor 
Inibhles  begins  when  the  temperature  approaches  the  boiling  point. 

After  the  air  has  been  completely  removed  by  continued  boiling 
the  liquid  can  he  heated  several  degrees  above  the  normal  boiling 
point  before  va|ior  is  formed  in  the  interior;  then  boiling  sets  in 
with  explosive  violence.  To  prevent  this  "bumping"  porous  or 
rough  substances  are  placed  in  the  bottom  of  the  vessel  or  a  fresh 
supply  of  the  liquid  containing  air  is  added. 

Since  the  liquid  may  be  at  a  somewhat  higher  temperature  during 
boiling  than  its  normal  boiling  point,  determinations  of  (he  latter 
are  made  with  the  thermometer  bulb  kept  slightly  above  the  sur- 
face and  surrounded  by  the  saturated  vapor  only. 

The  intermittent  action  of  geysers  is  also  explained  by  the 
overheating  of  the  lower  portions  of  the  water  in  the  geyser  tube. 

287.  BoUiag  Point  of  Solutions.  Prom  solutions  which  contain 
a  nou-volalilc  substance  only  the  solvent  evaporates,  while  the 
dissolved  salt  cryslalliEts  out  as  the  solution  becomes  more  con- 
centrated. A  solution  has  al  ways  a  lower  vapor  tension  at  a 
given  temperature  than  the  solvent  and  the  lowering  is  approxi- 
mately proportional  to  the  concentration. 

Consequently  the  vapor  tension  curve  of  a  solution  lies  below 
that  of  the  solvent  and  the  temperature  at  which  boiling  lakes 
place  must  be  higher  than  that  for  the  pure  solvent.  Thus  35.5 
parts  of  NaCI  dissolved  in  100  parts  of  water  lowers  the  vapor 
tension  at  100°  almost  18  cm.  of  mercury  and  the  boiling  point 
is  raised  to  107.5°. 

The  temperature  of  the  vapor  above  boiling  solutions  equals  the 
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■   boiling  point  of  the 

ilutions  in  which 
vapor  pressure, 


mling  point  of   ihe  soliilion  and   i 
pivcm. 

c  relations  are  much  more  complicated  for  < 
i  dissolved  body  also  possesses  an  appreciable 
for  example,  alcohol  and  water. 

286.  The  Spheroidal  State.  If  water  is  carefully  placed  by 
means  of  a  pipette  npon  a  red  hot  metallic  plate  it  will  spread 
out  into  a  flattened  spherule  and  evaporate  quietly.  This  is 
called  Leidenfrost's  phenomenon  and  the  water  is  said  to  be  in 
the  spheroidal  state.  The  temperature  of  the  water  while  in  the 
spheroidal  stale  is  always  a  few  degrees  below  the  boiling  point. 
The  liquid  is  not  in  contact  with  the  plate  but  shielded  from  it 
by  a  cushion  of  vapor.  This  may  be  proved  in  the  following  way. 
Connect  the  two  terminals  of  an  electric  circuit  containing  a  bell 
to  the  plate  and  the  water-drop  respectively.  The  bell  does  not 
ring  since  the  circuit  is  broken  between  the  drop  and  the  plate. 

Remove  the  flame  from  below  the  plale  and  let  it  cool.  At  a 
certain  temperature  the  drop  will  come  into  contact  with  the  hot 
plale  as  proved  by  a  ringing  of  the  bell,  and  violent  boiling  sets  in. 
This  phenomenon  can  be  observed  with  many  other  liquids 
whose  boiling  points  are  considerably  below  the  temperature  of 
liie  bodies  with  which  ihey  come  into  contact. 

289.  Cfaango  of  Volume  dniing  ETapoTation.    In  general  the 
change  of  volume  is  considerable  during  evaporation.     But  it  is  a 
worthy  fact  that  the  higher  the  temperature  rises  the  more 
lensilies  of  Ihe  liquid  and  its  saturated  vapor  approach 
1  other. 
I  The  results  for  water  are  shown  in  the  following  table : 

Dehsitv  of  Watsh  and  Saturated  Water  VAroR. 


.._. 

oO 

s»°* 

100= 

IJO= 

«" 

b:=.:::::::: 

0.999 

O.0OO0O47S 

0.9S8 

o.oocfl83 

0.959 
0.000606 

0.917 

a.0036 

0.86 
0.0079 

By  following  the  vapor  tension  curve  to  higher  temperatures  we 
will  thus  finally  arrive  at  a  point  where  the  densities  of  the  liquid 
ami  gaseous  states  arc  the  same  and  at  this  point  the  two  stales 
must  become  physically  identical,  ».  e.,  the  vapor  tension  curve 
most  end  at  this  point. 
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Fig.  151  shows  AnsdcH's 
results  {or  hydrochloric  add, 
HCL  The  volumes  occupied 
hf  6^  mUligrams  of  the  sab- 
stance  are  plotted  as  fnnc- 
tioos  of  the  temperature. 

TIm  vapor  pressare  curve 
most  end  at  about  50°,  unce 
at  the  point  C  the  curves  for 
the  two  volumes  join.  We 
shall  see  later  that  this  point 
is  identical  with  the  critical 
point   (53oO- 

From  the 
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definition  of  (he  boiling  point  and  from  the  variation  of  vapor 
tension  of  a  liquid  with  temperature,  it  follows  that  the  vapor  ten- 
sion curve  also  represents  the  dependence  of  the  boiling  point 
upon  the  external  pressare  and  that  the  boiling  point  is  lowered 
by  a  decrease  in  pressure  and  vice  versa. 

After  water  has  been  made  to  boil  in  an  open  round-bottomed 
flask  so  as  to  expel  the  air,  cork  the  flask  while  removing  it  from 
the  flame,  invert  it  and  place  a  moist  cloth  on  the  bottom  of  the 
flask.  Some  of  the  vapor  in  the  flask  will  condense,  the  pressure 
be  reduced  and  vigorous  boiling  take  place  at  the  reduced  pressure, 
though  the  temperature  of  the  water  ma;  have  fallen  considerably. 

Or  place  a  flask  with  water  heated  to  about  50°  or  60°  under 
the  receiver  of  an  air  pump  and  remove  the  air  and  vapor.  The 
water  will  begin  to  boil  as  soon  as  the  pressure  is  sufficiently 
reduced. 


OILING  Point  0 


Wateb  umdek  Diffbujit  Pkkssukes  (ik  ch.  of  He). 
See  also  Taslb  oh  r.  ai6. 


urc.        B.'ilii>tF«>it. 

p™^ 

B<dUB(  Poiu. 

!>««». 

BolliacPslDL. 

0        9s:"ss 
s        9907 

0              99,36 
S              99-44 

7S-0 
75-5 
76.0 
76.S 

99^63 
99.83 

ioo.18 

77.0 

78.5 

i'>o°37 
'00.55 
100.73 
too.9" 

The  dependence  of  the  boiling  pwnt  upon  the  pressure  is  much 
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oKirc  marked  tban  that  of  (he  melting  point;  for  example,  a  change 
in  prcssnre  from  atmospheric  pressure  corresponding  to  I  an,  of 
ntrnuy  changes  the  boiling  point  of  water  0,37", 

UL  EnI  of  VftporizttioiL  Heat  of  vaporiaalion  of  a  tubslanct 
•J  the  ratio  of  the  quantity  of  heat  tttcessary  to  changt  the  toUd 
iTlujald  to  saturated  vapor  divided  by  the  mass,  and  is  numerical]/ 
qiLiI  tr)  the  quantity  of  heat  necessary  to  evaporate  unit  mass, 
lotbecase  of  liquids  it  is  as  a  rule  referred  to  the  normal  baling 
pobt 

This  definition  corresponds  to  that  of  heat  of  fusion.  The  hett 
tnergy  added  to  the  substance  serves  in  part  to  increase  the  internal 
■nolnular  energy  and  in  part  to  do  the  external  work  of  expan- 
sion which  accompanies  the  process.  Upon  condensation  the  same 
»niMintof  heat  is  liberated  as  is  absorbed  during  vaporization. 

Tbe  heat  of  vaporization  depends  greatly  upon  the  temperature 
3t  vhicfa  vaporization  takes  place.  Griffiths  derived  from  his  own 
f^periments  and  those  of  Regnault  and  Dicterici  the  following 
f'>r(nula  for  the  heat  of  vaporization  of  water  between  0°  and  iDo"  : 

^  =  596.63  —  o.6oif  cal.  per  gram,  (71) 

•here  (  denotes  the  temperature.    Under  normal  conditions  the 

fieat  of  vaporization  of  water  is   therefore  536.5  cal.  per  gram. 

More  recent  investigations  have  shown  that  this  value  is  probably 

'00  small  and  ought  to  be  538. 
If  this  formula  were  quite  general  the  heat  of  vaporization  would 

Income  zero  at  990°.  The  critical  point  for  water  is  however  365° 
^d  it  is  probable  that  at  this  point  the  heat  of  vaporization  dis- 
appears. 

292.  Oold  by  Eraporation.  The  heat  of  vaporization  must  be 
supplied  by  the  liquid  itself  and  by  the  bodies  surrounding  it  1 
they  will  therefore  be  cooled.  Ether  evaporated  on  the  skin  will 
give  the  sensation  of  cold.  A  vessel  filled  with  water  and  stand- 
ing for  some  time  undisturbed  in  a  room  has  a  lower  temperature 
ilian  the  air,  especially  if  the  cvaporaling  surface  is  large,  which 
19  the  case  if  the  liquid  is  kept  in  a  porous  vessel.  By  increasing 
the  rale  of  evaporation  the  effect  is  naturally  intensified. 

Water  can  even  be  frozen  if  rapid  evaporation  is  kept  up.  This 
may  be  done  by  placing  it  under  the  receiver  of  an  air  pump 


..in.niii^  III,  \  iiHit  ,n  (.111  i,i  it  fnfm<.  Of  rr,Tifv^  nrt -rnar. '< 
Mti«H  W  *\«'4«l  KOwtl  Ihvnttui  v-imluct  with  ihc  mcullu:  pan<  it  th« 
VMuMlMk  l'%*  k  WMlchithu  or  paper  tray  for  bokSnf  die  wacf 
kWt  itkhn  U  iw  n<«k^  or,  liutmtl  nf  mmg  a  tcparatt  dub.  sake  t 
itMlWtt  lk>4«  Im  •i  Utfe  vwk.  To  accelerate  ihc  action  3  (Eab  «idi 
t^iiHivMtiatstt  tttlyhttric  (Kid  ihould  be  placvd  under  the  tieilfat. 
SVklvt  tiin  ittut  b»  (r\K«n  lit  two  to  three  minutes,  lonictinies  ens 
wKllv  It  U  k>lUii4  »l  ittv  h<w  iireuure. 

tH  wwuwH^l^t)  IrvMiitK  |*U»l!i  an  air-tighl  vcs»d,  the  "  (reezer." 
\'Mt^itvtit  WfUUI  utUMiHMUit,  "("he  animnnla  vapor  ts  by  a  pipe  placed 
tu  v«MiuUiUil^Al(uu  «iii)t  a  vvMel  containing  water.  The  latter 
tkuiwib*  tiuu>^>Mi>t  hw^^  ihiM  mluctiiK  the  vapor  pressure  over  the 
4HWi\)Uk  «>«')  iiiv>v4*i)ic  l>»  tdtv  «(  evaporation.  The  teoiperature 
ot  thv  «w>»t>">  k  ••  I'vat^  n^hicetl  and  water  can  »iMly  be  frozen 
\S{  w^wt*  n»iivi'"thij||  th«  "(ivwcr."  When  the  water  whicli  has 
AhM*lWt)  kitv  ti»»>MUA  U  Ikirly  *aturainl,  it  is  pumped  into  a 
WAIVt  i^t  «hivh  ihv  ituMiMwiA  U  vxpellttl  fnini  the  solution,  to  be 
V^*IUA)tMMl    i>k1    >«iuiiu,-iJ   tit«ai   tn   tKe    treeier.     The   process   is 

U  \hw  \<tUs  ^■l  4  UttuMt  ^i'«(bMl  tViutUe  lank  b  opened,  the  small 
*\y\nlM  lMMUik4|  (H-itt  it  v<i«vwr«t<«  w  nfMly  that  it  freezes  in  the 
tv>4w  vit  4  ftitv  tiK*«  «hkk  k*»  »  itapMxnire  of  —  y^fj". 

VM  tUiMteMMlk  NM  tM^  b^Mb  Uii  abo  solids  evaporate 
(h\>^^K  >tt  «  iM^k  tb^wH  r«li«  tfMM  Ki|«Mb.  It  is  well  known  that 
*  ^\  V  v^l  M  JhMMitlfcbwa  to  %1«*  ««t»  »i  cwttsiaiuly  kept  bdow  the 
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The  cmre  of  the  vapor  tension  of  a  solid  as  a  function  of  the 
tonperatare  is  called  the  sublimation  curve. 

The  heat  of  sublimation  is  evidently  only  a  special  cnsc  nf  the 
beat  of  vaporization  and  must  equal  the  sum  of  tlic  heat  of  fusion 
and  the  heat  of  vaporization  of  the  liquid  at  the  melting  |M)int. 

291  Tk«  Triple  Point.  In  the  preceding  articles  wc  have  studicil 
the  conditions  of  equilibrium  for  the  transition  of  one  of  the  thrcr 
states,  solid,  liquid  and  gaseous,  into  another  and  have  seen  that 
for  each  of  the  possible  combinations  an  equilil)rium  exists  only 
2t  one  definite  temperature  under  a  definite  pressure  or  vnpor  ten  - 
sion.  This  is  represented  by  the  three  curves  for  fusion.  evajMira- 
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Fig.  153. 

tion  and  sublimation.  The  common  point  of  these  three  curves  is 
called  the  "  triple  point "  and  only  at  this  point  can  all  three  states 
exist  in  equilibrium.  In  Fig.  152  the  three  curves  arc  drawn  for 
a  substance  in  which,  as  in  ice,  the  melting  point  is  lowered  hy 
increased  pressure.  For  the  water  curve  /  would  be  very  nearly 
parallel  to  the  pressure  axis. 

The  plane  of  the  diagram  is  divided  into  three  portions  corre- 
sponding to  the  three  states.  From  the  figure  the  state  of  equi- 
librium of  the  substance  under  given  pressure  and  temperature 
can  be  read  off  directly. 
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Tbe  triple  point  for  water  has  the  coordmales:  I  ^ -\- 0.00^6" 
and  ^  =  4.6  mm.  of  mercoiy.  If  a  piece  of  ice.  under  a  coastant. 
pressure,  ^,  of  more  than  .4.6  mm.  of  mercury  and  not  in  contact 
with  a  gas  (for  example  in  an  inverted  tnbe  filled  with  mercurf) 
be  heated  from  a  low  temperature,  t,  the  change  taking  place  will 
follow  the  straight  line  AA^  parallel  to  the  temperature  axis.  At 
soon  as  A^  is  reached  melting  will  begin  and  the  temperature 
remain  constant  until  the  whole  mass  is  melted.  The  Une  A^ 
corresponds  to  the  heatmg  of  the  liquid  and  at  A,  evaporali< 

But  if  the  solid  is  under  a  pressure  smaller  than  that  correspond- 
ing to  the  triple  point,  for  example  at  a  point  B,  then  upon  at- 
crease  of  temperature  no  melting  wiD  occur  at  £„  but  sublimation. 

For  camphor  the  pressure  of  the  triple  point  is  larger  than  ooe 
atmosphere  and  for  this  reasoa  it  cannot  be  melted  in  an  opoi 
tube  but  sublimes  apoa  being  heated. 

For  carboQ  dioxide  the  triple  point  lies  at  (^  —  S^-M"  ^^ 
p  ^  5.1  atmospheres,  liquid  caitxn  dioxide  is  kept  in  tanks  tinder 
very  high  pressure.  If  this  is  soddenly  reduced  to  one  atmosphere 
by  opening  the  vahre,  a  diai^e  takes  place  which,  neglecting  the 
acccmpauTtng  lowering  1^  the  temperatare,  may  be  represented 
by  CC,  in  Fig.  152.  Bating  will  begin  as  soon  as  C,  is  reached,  but 
this  point  lies  still  considerably  ahore  ooe  atmosphere  and  the 
liquid  and  vapor  cannot  possiUy  coexist  in  equilibrium.  Conse- 
quently boiling  contiiraes  and  owing  to  the  absorption  of  heat  of 
vaporiaatko  the  Icn^entnre  of  the  hqmd  is  constantly  reduced 
and  ibe  system  mo>-es  ak»g  tbe  tine  CJ*.  From  P  on  it  must 
follow  along  PB^,  ■'.  t^  it  will  solk&fy  and  finally  reach  along  this 
\xae  a  point  at  wfakh  tbe  solid  and  its  vapor  are  in  equilibrium 
under  tbe  exisdag  vapor  tensioa.  We  have  seen  that  the  tenf 
peralure  of  this  point  b  — 79-a*.  A  boilii^  point  for  liquid  car- 
bon dioxide  under  atmospheric  pressure  does  tKit  exist. 

Sobd  cwbon  dkoade  can  oady  be  Bqaefied  by  hxTcasiiig  tfie  pre»-, 
nm  safideWty.  It  nay  fcr  erample  be  ptaced  in  a  strong  gjasat 
tube  and  tbe  latttr  sealed.  Tbe  vapor  prodnccd  will  soon  in-- 
crease  the  presmre  to  more  thaa  5.1  mwospbrrca.  when  liquefac- 
tion will  take  pl»c«. 

«H.  &«»him  MurmrtillM  af  «b*  SUto  af  »  Body.    For  ao 
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cxurt  definition  of  tbe  physical  condition  of  a  body  a  knowledge  of 
the  values  of  all  its  variable  properties  is  required.  For  the 
iirescnt  only  three  of  these  need  to  be  considered,  temperature. 
pressure  and  the  volume  occupied  by  unit  mass  of  the  substance. 
These  are  however  not  independent  of  each  other,  but  connected 
by  a  definite  relation,  called  the  "  equation  of  state,"  which  in  the 
simple  case  of  perfect  gases  takes  the  form  of  the  gas  law  {§256), 
qoaiion  (37), 

The  state  of  a  substance  is  in  general  defined  by  only  two  of 
ihe  three  characteristic  properties  and  can  be  represented  by  a 
plane  diigram,  with  these  two  variables  as  coordinates.    Which  iwo 
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f*e  selected  remains  arbitrary.     Thus  in  the  discussion  of  evapora- 
temperature  and  pressure  were  used  (Figs.  150  and  152),  in 
Woihcr  case  temperature  and  volume  (Fig.  151). 

The  value  of  the  third  of  the  three  properties  is  then  perfectly 
defined  for  each  point  of  the  diagram  except  where,  as  at  the 
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rva|>orniion  curve.  Iwth  variables  remain  conslatit,  while  the  Ihitd 
|irii|ierty  changes.  The  \-ari»lion  of  the  volume  during  a  change 
t\{  stale  can  therefore  «ol  be  shown  on  the  temperature  pressure 
(IJaRram. 

The  preMurc-vohimc  diagram  is  free  from  this  objection  and 
I*  Ihcrefiire  most  frcijuently  employed. 

Th»  pUnt  dimtrmms  incniionni  ■«  in  f««  nothing  but  the  three  projec- 
liani  of  the  lurfacr.  deSnci)  by  (be  ti]aation  of  itile.  upon  one  of  ihe 
thT«t  coAnliluK  pUnei  conMinins  dihcr  the  t  aod  p,  or  I  and  p.  ol  (  and  ■ 

f*t'  *i.\  I*  UkvB  from  a  ^totocraidi  of  a  model  vhicb 
*lr«l«  the  BTHcral  »nf*ruKt  of  lie  Tarioui  surfaces  reprcBtntinB  the  differ- 
rill  MatT*  i>f  a  body  vbicli.  aa  water,  conlracls  upon  melting.  The  hne* 
fmni  Ivit  tfl  riffal  in  the  dtatt  arc  lines  of  constant  pressure  while  the 
Una*  (Tom  (iwil  la  back  arc  cooslanl  tcmpcniune  lines.  The  three  surfaeet 
BBA0.  CCBF  aiMl  CHAB  refiresait  tbc  conditions  under  which  two  of  the 
atalM  may  b*  in  eqaihliritBii.  fn  each  of  these  three  cases  the  prcssare 
remain*  roniiani,  while  a  tronsf omul  ion  from  one  stale  lo  another  take* 
|ilare  at  Ciinitanl  lemlwrature.  Therefore  all  the  lines  of  constant  prea- 
aitr*  alid  teniperature  on  ihnc  surface*  most  be  vertical  lo  the  pressure' 
lvin|iera(ure  plane  amt  the  projections  of  the  three  surfaces  upon  thia 
plane  aiipear  aimply  aa  curves;  surface  EBAD  as  the  curve  of  fusion. 
CHAII  a>  the  vapor-tenatoa  curve  and  GCBF  as  the  lublimatioa  curve. 
The  line  AKC.  which  repnaevia  the  coniUtioDs  under  which  all  three 
statea  may  be  in  njuilibrium.  wilt  appear  as  a  point,  the  triple  point.  Such 
a  projaclion  was  (iv«n  in  fiiture  151,  the  observer  looking  iu  the  directioa 
nf  the  poaitive  volume  aaia. 

It  ahould.  however,  be  clearly  aaderstood  that  our  choice 
atricted  to  thene  three  \ariable«.  but  that  any  other  physical  quantity  belter 
auilcd  (nr  the  pn.'ilileni  under  discussioo  BMy  be  taken  for  a  coordinate,  for 
etaiitple.  PI',  if  the  variation  of  tint  tjoaatity  with  the  pressure 
inveitlitalei). 

896.  Oftad«&Bi>tion  «f  Wator  in  tlia  Atmoqhvs.  If  air  coatain-i 
iiig  moisltire  is  cooled,  a  temperature  will  finally  be  reached  af 
which  (he  actual  pressure  of  the  water  %^por  equals  the  vapor 
tension  and  at  this  point  condensaticm  will  begin,  either  to  liquid 
water  or.  if  ibe  lempcraitire  is  below  o",  to  ice  (boar  frxkst).  TbU 
temperature  at  which  the  water  vapor  becomes  saturated  is  called 
the  rfnt'  poiHt  and  depends  eridentiy  upon  the  amount  of  vapot 
present  in  the  atmosphere. 

It  has  been  shown  by  .\it3cen  that  coadensatioii  sets  in  atwayi 


nori  particles  of  fordgii  lubrtMicti*  (dnt).  Wwtttt  in  tbe  ur. 
ud  ihai  <tet  £rcc  air  n^  be  comidenbiT  sapcrcaoM  wiiboot 
KBdoBitioa  takiBgpbce. 

TV  nzc  of  iIk  drops  formed  depends  npoa  tbe  mmber  of 
nodd  present.  Tbc  laorc  BuntetcwM  ihrjr  «re  the  snaller  ibc  drops. 
Tht  rate  nitb  wbidi  the  bttcr  snfc  ihnn^  the  sir  depcndi  crcally 
Dpaa  ibetr  size.  The  drops  in  a  fog  «rc  smaHcr  Uua  nindrapit 
■ad  the  dense  fogs  in  large  dties  arc  explained  t^  the  brfc  amnber 
of  ion  and  soot  particks  in  the  air. 

The  coodcnsadon  of  water  vapor  can  eastlT  be  shomi.  Place 
a  didi  coataining  water  under  the  bell-jar  of  an  air  pomp  and  let 
ir  get  saturated  with  the  vapor.  A  stralte  of  the  |iunip  »nll 
RHldcnly  decrease  the  prcssta-e  and  the  vapor  »-iIl  be  cooJcd  below 
Ibe  dew  point  (see  S  3^)  ^  '  ^'^  ^^  °^  condensed  moisture 
appears  in  the  jar.  BcautiftJ  coloT  eSccts  are  produced  if  a 
br^t  light  is  pUced  behind  the  jar.     (For  Boroerical  calculation 

Fonnatton  of  clouds  necessarily  results  if  rapor  laden  air  moves 
into  regions  of  lower  temperature  and  less  pressure.  If  the  tern- 
pcniDre  falls  below  the  freezing  point,  before  the  dew  point  is 
fMchcd  ice  particles  are  formed  instead  of  drops.  Halos  arc  opti- 
«l  phenomena  produced  by  such  ice  crystals  floating  in  the  air, 
and  the  corona  is  a  similar  effect  due  to  water  drops  of  small  siic. 
W>  Sjgromirtrf.  Hygrometry  is  the  measurement  of  the 
Amount  of  water  vapor  in  the  atmosphere.  The  latter  always  con- 
sorae  water  vapor,  but  as  a  rule,  is  not  saturated  with  it.  so 
Ihat  evaporation  takes  place  more  or  less  freely  from  all  bodies 
Iter,  the  rate  depending  upon  the  temperature,  the  dryness 
of  ihe  air  and  wind  effects  (§  284). 

298.  B«latlve  HuiniditT.  or  fraction  of  saturation,  is  the  ratio 
of  the  pressure  of  the  water  vapor  in  the  air  to  the  pressure  which 
laiurated  vapor  would  have  at  the  same  Icmpcraturc,  i.  f..  to  the 
Vapor  tension  at  the  temperature  of  the  air.  The  larger  this 
ratio  is  the  slower  the  evaporation;  if  it  becomes  unity  no  further 
evaporation  is  noticed.  Our  sensation  of  dryness  or  dampness  de- 
pends upon  the  relative  humidity  and  not  upon  the  actual  amount 
of  vapor  present. 

'We  shall  see  later  (in  Radioactivity)  thai  certain  electrical  elTecIs, 
mjiaiion  by  ulira-violet  light,  Roentgen  rays  or  Becquerel  rayt,  also  furniab 
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Since  the  vapor  tension  increases  rapidly  with  the  temperature 
(§283),  an  amount  of  moisture  which  produces  only  a  small  rela- 
tive humidity  during  a  warm  summer  day  may  saturate  the  air 
at  a  lower  temperature.  Thus  a  cubic  meter  of  air  under  normal 
pressure  can  contain  as  a  maximum  only  4.8  grams  of  moisture 
at  o**,  but  17  grams  at  20**  and  30  grams  at  30**,  or,  expressed  in 
different  units,  one  kilogram  of  air  saturated  with  moisture  con- 
tains at  o**  3.7s  grams,  at  20**  14.33  grams  and  at  30**  26.18  grams 
of  water. 

299.    Relative  humidity   is   determined   by  instruments   called 
hygrometers. 

The  dew  point  hygrometer  (see  Fig.  153)  consists  of  a  vessel 

containing  a  volatile  liquid  which  can  be 
rapidly  evaporated  and  thus  cooled.  The 
temperature  is  measured  by  a  thermom- 
eter placed  inside  the  liquid. 

The  metallic  outer  surface  of  the  ves- 
sel is  highly  polished.  As  soon  as  the 
temperature  has  been  lowered  to  the 
dew  point,  a  mist  is  formed  on  this  sur- 
face. The  vapor  tension  corresponding 
to  the  dew  point  gives  the  actual  vapor 
pressure  of  the  moisture  in  the  air;  this 
divided  by  the  vapor  tension  correspond- 
ing to  the  temperature  of  the  air  is  the 
relative  humidity. 
Other  hygrometers  are  based  upon  the  principle  that  certain 
substances,  called  hygroscopic,  absorb  moisture  from  the  air  and 
change  their  dimensions  by  this  process.  Moist  substances  con- 
sisting of  organic  tissue  are  hygroscopic;  ropes  and  catgut  strings 
shorten  when  moist,  hair  from  which  the  oil  has  been  removed, 
lengthens.  A  well  known  instrument  of  this  type  is  Saussure's 
hair  hygrometer  (see  Fig.  155). 

Another  principle  is  used  in  the  August  "  psychrometer"  or 
"wet  and  dry  bulb  thermometers"  (Fig.  156).  They  consist  of 
two  similar  thermometers  the  bulb  of  one  of  which  is  kept  moist 
by  means  of  a  cotton  or  muslin  wick  surrounding  it  and  dipping 
into  a  vessel  of  water.    The  constant  evaporation  on  the  surface 


Fig.  154. 
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this  Ihennometer  lowers  its 

'  readings  of  the  two  tbentHOKten  n  « 
btive  buniidity  and  iempcrztan  at  Mn  i 
Frequently  tlie  wet  theriDOfBeler 
uUn  b  simply  moistetwd  and  tbea  whiilrJ 
ennometer)  or  a  rapid  strean  of  nr  Ax«s 
Q  (Assmann's  aspiration  payclironcWr). 
DiSereni  forms  of  psychrometcn 
the  relative  bomtditr  aay  be 


rature  of  tlie  air  and  the  difference  in  the  readings  of  the  two 
Irmometers  are  given.     The  forrtinJz  used    for  the  calculation 
these  tables  are  quite  comph'cated, 
m^^^lnle  Humidity  is  the  antoirat  of  moisture  contained  in 
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unit  volume  of  air  ami  can  b«  determinetl  by  chemical  means.  A 
measured  volume  of  air  ts  passed  over  a  substance  absorbing  watti 
(calcium  chloride  or  phosphor  pentoxide).  The  increase  in  weight 
of  this  substance  directly  gives  the  amount  of  water  absorbed. 

UQUEFACTION   OF  GASES. 

300.  Early  Sxperimoits.    In  the  article  on  evaporation  (§283) 
we  have  seen  that  in  many  cases  a  gas  can  be  liquefied  by  either  1 
decrease  of  temperature  or  by  an  increase  in  pressure- 
Thus  von  Marum  liquefied  ammonia  in  1799  by  increasing  the 

pressure  to  six  atmospheres  and  N'orthmore  in  1805  condensed 
hydrochloric  acid,  sulphur  dioxide  and  possibly  chlorine. 

In  1833  Faraday  began  hts  well-known  experiments  upon  the 
condensation  of  gases.  He  used  a  bent  closed  tube,  containinj 
one  arm  a  substance  which  upon  being  heated  generates  the  gas 
to  be  liquefied,  for  example  sodium  carbonate  for  the  production 
of  carbon  dioxide.  The  other  arm  of  the  tube  was  placed  in  a 
freezing  mixture.  The  gas  developed  increased  the  pressure  i 
the  tube  sufficiently  to  liquefy  it  on  the  cold  side. 

301.  The  Critical  Poiat  We  have  seen,  however  (§289),  that 
the  evaporation  cur\e  ends  at  a  certain  point  at  wbich  the  specific 
volumes  of  the  liquid  and  its  vapor  become  identical,  and  which  in 
figure  155  corresponds  to  the  point  H.  The  critical  point  is  there- 
fore the  point  of  maximum  pressure  and  temperature  on  the  liquid- 
vapor  surface.  If  the  gas  is  originally  at  a  temperature  above 
this  point  it  is  impossible  that  a  transition  into  a  liquid  could 
occur  even  under  the  highest  pressures. 

Andrews'  famous  experiments  (1863)  on  the  liquefoction  of 
carbon  dioxide  have  led  to  the  discovery  of  this  point,  which  he 
called  the  critical  point.  The  corresponding  temperature,  pressure 
and  specific  volume  are  called  critical  temperature,  critical  pressure 
and  critical  volume. 

He  enclosed  liquid  carbon  dioxide  in  a  glass  tube  so  as  to  fill 
about  one  half  of  it.  The  tube  was  then  carefully  heated.  The 
volume  of  the  liquid  increased  though  the  vapor  pressure  rose 
considerably,  the  surface  of  demarcation  between  the  two  st: 
became  fainter,  lost  its  curvature  and  finally  disappeared  a 
temperature  of  31°;  the  space  was  then  occupied  by  a  homogeneous 


Iftbe  t 
outer  of  die  tube  mad  sooa  gare  vxt  lo  a  i 
slunring  that  tbe  houKiguieaat  ^ttss  had  sawrucd  a^xic  rr:.- 
lipid  and  gas.  Tias  Kxptruuaa  Aowt  ^ai -At  Assara^a  htcr-gs: 
li^  and  gaseons  carbon  ■*'■"-*-  ccasa  xo  cxisc  a:  ^e  cn:?^^ 
tanpeialiiie,  31  ■. 

Ilris  pbeoamcnGa  caa  be  paiABcalh-  dws  W  |Ax:ii^  :1k  P^^' 
nrc  u  a  fanctxai  of  the  Tohmae  on-Ufucd  N-  sect  icas}  rf  :b; 
nbsuace  (Fig.  157).    Lei  ns  toOow  dx  diaxige  akrap  ;^a:T  vbrr 
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Cie  gas  (point  P)  is  compressed,  the  temperatnre  alwars  being 
liept  constant  (in  the  given  example  20°).  The  \-olnme  decreases 
to  a  certain  point.  A,  where  condensation  begins,  and  from  that 
pcnnt  on  the  pressure  remains  constant  until  the  whole  mass 
has  been  liquefied,  at  the  point  B;  then  further  compresdon  is  ac- 
companied by  only  a  small  decrease  of  volume.  From  A  to  B 
(he  two  states  are  in  equilibrium  with  each  other. 

Similar  constant  temperature  lines,  called  isothermals,  can  be 
traced  out  for  other  temperatures. 

The  region  in  which  a  mixture  of  liquid  and  gas  can  exist  and 
which  is  marked  tn  the  diagram  by  the  dotted  line  becomes  nar- 
>7 
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'  »d  T;  dte  three  root*  to  tlut  rr^on  is  ahidi  for  ■  ^rta  tanpcralarc 
tke  RtfaMucc  it  Blher  *  utnnled  vapor  (B)  or  wboUr  liquid 
Eton  of  the  two.  The  real  root  rejnesenting  the  latter  cor- 
he  paat  wbcrc  Thomaon's  fajpotbetica]  cnnrc  cot*  the  liae  of 
tke  Rsiaa  of  miitarc  (D). 

M3.  GatnipaildfBf  SUtaC  Usually  the  relations  existing  be- 
'•wn  Tolmie,  pressure  and  temperatures  are  expressed  in  C  G.  S. 
■nib  aad  de^e«s  Centigrade.  These  units  are  arbitrary  and  pos- 
■Hy  simpler  reladoas  may  be  found  by  selecting  more  "  natural  " 
Bniti. 

Van  der  WaaJs  believes  that  the  critical  state  is  the  same  natural 
•tile  for  all  substances  and  should  be  chosen  as  the  reference  point. 
HI  lilts  case  Pf,  Vf  and  7",  corresponding  to  the  critical  point  must 
ile  the  units  in  terms  of  which  pressure,  volume  and  temperature 
tbonld  be  measured  and  instead  of  P.  V  and  (  the  following  nu- 
merical values  should  be  used  j 
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fV. 

(76) 
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It  can  be  shown  that  by  substituting  the  values  of  P^  Ve  and  Tc 
in  terms  of  a,  b  and  R  in  van  der  Waals'  equation,  the  latter  be- 
comes 

(a+J.)(3m-i)=8.  (77) 

an  equation  which  is  independent  of  the  nature  of  any  substance. 

In  this  new  coordinate  system,  plotting  A,  ft  and  v,  each  point 
of  the  diagram  should  represent  a  "corresponding  state"  for  all 
substances.  In  fact  Amagat  has  shown  that  the  isothermals  of 
carbon  dioxide,  air,  ether  and  methane  very  nearly  coincide  if 
plotted  in  this  manner.  The  agreement  becomes  still  more  general 
if  r  —  r«  and  T^  —  T„  are  substituted  for  T  and  T^  and  V'-Vm 
and  Vc  —  Vm  for  ^  and  F^.  Tp^  and  Vfn  are  characteristic  con- 
stants for  each  substance. 

304.  Effect  of  Sadden  Expansion.  By  cooling  a  gas  below  its 
critical  temperature  and  applying  a  sufficient  pressure  it  can  be 
liquefied  (§301).  For  several  years  after  this  was  clearly  recog- 
nized, oxygen,  hydrogen,  nitrogen  and  several  other  gases  still 
resisted  condensation  even  when  cooled  to  the  lowest  temperatures 
obtainable  at  that  time  (solid  carbon  dioxide) ;  they  were  there- 
fore called  permanent  gases. 

A  new  principle,  allowing  a  liquefaction  of  these  gases  was 
found  in  the  lowering  of  temperature  which  accompanies  the 
sudden  expansion  of  a  compressed  gas. 

If  a  gas,  contained  in  a  vessel  under  a  given  pressure  flows 
through  a  small  opening  into  a  space  where  the  pressure  is  less  it 
will  produce  a  wind,  or,  in  other  words,  it  will  impart  to  the 
particles  passing  the  opening  a  considerably  larger  kinetic  energy 
than  they  had  before.  This  energy  has  to  be  supplied  by  the  gas 
left  in  the  vessel  and  consequently  the  temperature  of  this  re- 
maining  gas  must  decrease;  and  the  energy  is  equivalent  to  the 
work  which  the  gas  would  have  done  by  its  pressure  upon  a  piston 
in  a  cylinder  (§230).  If  the  expansion  is  so  sudden  that  no 
heat  is  communicated  from  the  walls  of  the  vessel  to  the  gas 
(adiabatic  expansion)  the  fall  in  the  temperature  of  the  gas  will 
be  quite  large  (see  numerical  example  in  §323). 

Now  let  us  suppose  that  the  opening  is  made  fine  enough  so 
that  the  passage  of  the  gas  through  it  becomes  so  low  that  the 
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avEnge  kinetic  energy  of  the  outflowing  gas  particles  does  not 
ucMd  that  which  they  had  before,  and  let  the  high  pressare  /*, 
tt  kept  constant  by  the  continoous  wortdng  of  a  cotnpressor. 
After  3  state  of  steady  flow  has  been  estabtisbcd  the  work  done 
upon  the  gas  by  the  piston  in  forcing  out  a  qoaDtity.  originally  at 
)  volume  y„  is  P,i',.  The  work  done  by  this  quaotity  in  ex- 
pimiing  lo  a  volume  V,  against  a  pressnre  P,  is  /".f^  If  it  re- 
ceivH  DO  heat  from  the  outside  the  change  in  the  intenul  energy 
m'lhegas  is  represented  by  (P,F,  — i*,K,).  H  dow  in  a  given 
u»  the  temperature  of  the  gas  does  not  change  during  the  expan- 
sion and  if  the  gas  is  perfect  Py,^Pyv  and  tfiere  is  no  change 
n>  the  internal  energy.  The  gas  itself  doa  no  external  work  but 
«rves.  so  to  speak,  raerely  as  a  buffer  between  the  pislon  of  the 
(^pressor  and  the  outer  air.  But  if  the  tetuptcrature — and  this 
ti  the  case  for  all  gases  except  hydrogen — falls  during  the  ex- 
pansion we  might  reasonably  expect  that  py,  should  exceed  py, 
•od  while  Boyle's  law  cannot  be  applied  directly,  it  is  a  (act 
">»!  for  most  gases  the  product  PV  decreases  with  increase  of 
presrare  (§222).  Energy  must  therefore  be  added  to  these  gases 
*'«n  they  expand  under  the  stated  conditions;  as  tl  is  usually 
•^plained,  internal  work  must  be  done  to  overcome  the  attraction 
of  the  molecules  for  each  other.  This  shows  itself  in  a  fall  of 
tile  temperature  of  the  gas  whiU  it  passes  through  the  opening. 
On  the  other  hand,  hydrogen  gas  for  which  under  ordinary  pres- 
ttres  and  temperatures  the  product  Py  increases  with  the  pres- 
experiences  a  heating  instead  of  a  cooling.  This  was  proved 
experimentally  by  Joule  and  Thomson  (Lord  Kelvin).  They 
Kparated  the  two  vessels  by  a  phig  of  cotton  wool,  so  that  the 
would  pass  slowly  from  one  to  the  other,  and  measured  the 
temperature  of  the  gas  just  before  and  after  the  passage.  (Porous 
^g  experiment.) 

general  Ireth  effects  mentioned  above  must  be  considered 
when  a  gas  is  made  to  expand  suddenly,  and  both,  except  in  the 
case  of  hydrogen,  will  produce  a  cooling  of  the  gas. 

Applying  this  result  to  a  highly  compressed  gas,  contained  in 
I  cylinder  and  cooled  to  a  low  temperature  which,  however,  is 
ttill  higher  than  the  critical,  the  latter  may  be  reached  by  an 
Additional  sudden  expansion  of  the  compressed  gas. 
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Oxygen  was  first  liquefied  by  CaiUetet  in  1877,  and  in  the  same 
year  by  Pictet,  by  suddenly  releasing  a  pressure  of  300  atmo- 
spheres on  the  gas  cooled  to  —  29  degrees.  Other  permanent  gases 
were  later  liquefied  by  the  same  method,  but  it  is  clear  that  the 
yield  is  only  small  and  the  process  cannot  well  be  made  con- 
tinuous. 

805.  The  Regenerative  Procasa.  Linde,  and  at  about  the  same 
time  Hampson,  discovered  in  1895  a  method  for  the  continuous 
liquefaction  of  the  so-called  permanent  gases.  By  means  of  a 
compressor  the  gas  is  kept  under  150  or  200  atmospheres,  cooled 
to  a  low  temperature  and  then  allowed  to  stream  out  through  a 
small  opening  into  a  vessel  in  which  the  pressure  is  about  16  atmo- 
spheres or  less.  The  gas  cooled  by  expansion  is  led  back  through 
spiral  copper  tubes  which  are  in  intimate  thermal  contact  with  the 
compressed  gas  flowing  towards  the  orifice.  The  temperature  of 
the  gas  before  it  reaches  the  opening  is  thus  reduced  more  and 
more  by  the  cooler  counter  current,  until  finally  it  sinks  to  the 
point  at  which  liquefaction  begins  under  the  lower  pressure  in  the 
vessel  into  which  the  gas  streams.  After  this  the  liquid  is  pro- 
duced continuously.  Thus  liquid  air  can  be  manufactured  in  large 
quantities  and  in  its  turn  may  be  used  for  the  initial  cooling  of 
gases  that  are  still  more  difficult  to  liquefy. 

Hydrogen,  which  at  ordinary  temperatures  forms  an  exception  to 
the  general  rule  (last  section),  cools  upon  expansion,  if  the  tem- 
perature is  low  enough  ( — 80**  according  to  Olzewsky).  Dewar 
succeeded  in  1898  in  liquefying  hydrogen  by  the  regenerative 
process. 

Melting  Points,  Boiling  Points  and  Critical  Temperatures. 


Subttance. 


Melting  Point. 


Boiling  Potnc 


Critical 
Temperatore. 


Hydrogen 

Nitrogen 

Air 

Oxygen 

Fluorine 

Carbon  monoxide 
Carbon  dioxide... 
Hydrochloric  acid 

Ammonia 

Chlorine 

Sul  phur  dioxide . . 


-2580 

— 252<> 

—242^ 

— 210 

-195.5 

—  146 

-191 

—140 

—227 

-183 

118 

-223 

-187 

-^120 

—207 

—  190 

—141 

-65 

+  31 

—116 

-  35 

+  51.3 

—  77 

-  33.7 

4-130 

— 102 

36.6 

+141 

-76 

-    8.0 

+1554 
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The  gas  was  cooled  by  passing  it  through  baths  of  tiquid  carbon 
dioxide,  liquid  air  and,  finally,  of  liquid  air  boiling  under  reduced 
pressure  { — 200°)  ;  then  it  w-as  allowed  to  expand  from  a  pres- 
sure of  150  attaosphcres  to  one  atmosphere. 

By  boiling  liquid  hydrogen  under  reduced  pressure  Dewar  froie 
il  lo  3  foam-like  solid  at  a  temperature  of  —  258°. 

The  only  gas  which  at  present  has  not  been  liquefied,  even  at 
■lie  temperature  of  solid  hydrogen,  evaporating  under  reduced  pres- 
sure, is  helium  whose  critical  temperature  lies  therefore  probably 
not  above  —  266°  or  about  7°  absolute. 
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RADIATION. 
306.  Nature  of  Radiation.    In  §  269  it  was  mentioned  that  an 
ctchange  of  heat  may  occur  between  two  bodies  without  a  heating 
o[  the  intervening  medium  and  that  this  is  called  "  radiation." 

Unless  heat  is  produced  by  some  independent  process  the  body 

radiating  into  space  is  losing  heat  energy  and  cools.    The  energy 

"lUi  sent  out  is  no  longer  heat  and  cannot  be  measured  directly 

Of  any  of  the  methods  studied  in  the  chapter  on  calorimetry.     The 

tttnperature  of  bodies  which  allow  it  to  pass  through  them  and 

^hich  are  called  transparent  to  it  is  not  affected;  but  those  sub- 

*<Mces  which  absorb  it,  1.  e.,  are  opaque  to  it,  are  warmed  because 

lie  radiant  energy  is  retransformed  into  heat.     The  healing  effect 

Of  the  sun  is  noticed  at  the  same  moment  at  which  the  light  reaches 

the  earth.     The  radiant  energy  passes  therefore  through  a  vacuum 

Irilh  the  same  velocity  as  light:  it  travels  in  straight  lines,  casts 

idows  (fire  screens)  ;  its  direction  is  changed  by  mirrors,  prisms 

lenses;  in  short,  in  all  its  physical  properties  it  is  indistinguish- 

ile  from  light,  and  the  meaning  of  "  radiation  "  must  be  enlarged 

as  lo  include  them  both  and  possibly  some  other  similar  phe- 

(see  Light). 

lion  is  explained  as  a  vibratory  disturbance  or  wave  mo- 
[llon  of  an   imponderable  substance  which  is  assumed  to  fill   all 
lace  and  is  called  the  ether. 

wider  sense   radiation  may  be  taken  as  propagation  of 
energy  of  any  form  through  space,  but  we  shall  in  the  following 
restrict  ourselves  to  ether  radiation  and  study  it  only  as  far  as 
is  related  to  beat  phenomena. 
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It  oniiits  of  an  exhausted  glass  vessel,  in  which  a  very  light  faoriiontal 
arm.  carrying  at  each  end  a  Ihin  mica  plale,  is  suspended  by  a  quarli  iibcr, 
Oae  lide  o(  the  mica  plaws  is  polished,  the  otber  blackened.  The  blackened 
face  of  one  of  the  pieeea  of  mica  is  opposite  and  parallel  to  a  fiuorile  window, 
I(  tadialion  rnlrrs  llie  inslrument  through  the  window  the  blackened 
■i'l-It  is  heated  and  a  icpuTsion  is  observed,  which  results  in  a  twisting  of 
f  *»c  ipartt  fiber  Until  its  torsional  moment  equals  the  tnomenl  produced  by 
the  heating  of  the  mica.  The  angle  of  torsion  can  easily  be  measured  by  a 
'■sinar  and  scale,   and  from   this  the  intensity  of  radiation   is  calculated. 

308.  Theory  of  lixchangea.  Hold  a  body  warmer  than  the  room 
'»%  front  of  one  face  of  a  thermopile.  This  is  then  heated  by 
■~3-<liat)on  and  the  galvanometer  shows  a  deflection.  A  burning 
•*^atch  will  affect  the  instrument  at  quite  a  distance.  If  a  piece 
"^f  ice  is  substituted  for  the  match,  tlie  deflection  is  in  the  opposite 
•^i  section  showing  that  the  side  of  the  thermopile  which  before 
*l»sorbed  energy  now  radiates  and  is  cooled. 

"We  can  hardly  assume  that  in  the  first  case  the  surface  of  the 
*»><;rmopi1e  sent  out  no  radiation  at  all,  but  it  is  more  probable  that 
'*  absorbed  more  than  it  lost  and  therefore  was  heated,  while  in 
'■>«  second  case  it  was  cooled,  because  it  received  less  than  it  sent 

From  this  point  of  view  there  is  a  continuous  interchange  of 
*^*5«-gy  of  radiation  between  all  bodies  and  the  heating  or  cooling 
''cpends  only  upon  the  difTerenlial  effect  of  the  radiation  absorbed 
*»i<l  emitted;  if  the  two  are  equal  the  temperature  remains  constant. 

This  theory  was  first  enunciated  by  Prevost  in  1792  and  has  been 
•^f  the  greatest  value  for  a  correct  interpretation  of  radiation 
Ph^momena. 

If  bodies  originally  at  different  temperatures  are  enclosed  in  a 
*«sscl  which  neither  receives  heat  from  nor  loses  heat  to  the  out- 
**<5e,  an  equilibrium  of  heat  exchanges  must  result  finally,  1.  e., 
*'l  bodies  in  the  enclosure  as  well  as  the  walls  of  the  vessel  will 
'•*:  at  the  same  temperature. 

309,  EmJuion  and  Absorption  of  Radiant  Energ?-  Leslie 
stiowcd  that  the  emission  of  radiant  energy  from  bodies  at  the 
''^nie  temperature  differs  considerably  with  the  nature  of  the  sur- 

'-^ce.  He  used  a  cube  of  Mock  tin  (Leslie's  cube)  filled  with  hot 
'^ater  and  having  its  surfaces  coated  with  different  materials, 
'timing  one  side  after  another  towards  the  thermopile  he  proved 
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^3n  be  observed  only  with  the  most  sensitire  iostmmenU, 
'8  itiai  ihe  energ>-  of  radialioc  is  very  scuIL  But  as  we 
'^^  ihe  red  end  the  effect  upon  tfae  thermopile  becomes  moch 
However  it  does  not  stop  at  the  extreme  red  hot  b 
ible  far  beyond  it,  and  from  this  the  conclasion  must  be 
^l^"*!!  that  ether  waves  still  longer  than  red  light  exist,  though 
^~^  visible  to  the  eye.  Light  is  then  the  %-iaibIe  part  of  radiant 
^^^fgy,  While  the  eye  can  distinguish  the  quality  of  radiation 
r^  color,  a  radiometer  measures  only  the  intensity  or  energy,  not 
^«  quality. 


^  Formerly  a  distinction  was  made  between  "  light  rays "  and 
but  rays,"  but  apparently  the  distinction  exists  only  in  the  limi- 
^tions  of  our  eye,  not  in  the  nature  of  the  rays.  Light  and  heat 
Effects  are  nothing  but  two  different  aspects  of  the  same  physical 
phenomenon. 

31L  Selective  Tratumissioii  uid  Absorption  of  BadUnt  Energy. 
Ked  glass  transmits  only  such  rays  of  the  visible  spectrum  as  give 
the  effect  of  red  light  while  the  rest  is  absorbed.  This  selective 
absorption  of  rays  of  certain  wave  length  is  a  common  phenomenon 
in  nature.  It  is  explained  as  a  kind  of  resonance.  If  radiadon 
tillers  a  body  the  molecules  arc  set  in  vibrations  of  definite  frc- 
ijuoicles  to  which  they  may  be  said  to  be  tuned.  The  effect  is  in 
pneral  a  production  of  heat. 

The  relation  between  radiating  and  absorptive  power  demands 
Uwt  the  bodies  which  absorb  rays  of  certain  wave  length  will 
radiate  these  rays  more  strongly  than  others.  A  piece  of  red  glass 
which  absorbs  the  green  and  blue  rays,  will  shine  in  Ihe  dark, 
after  being  heated  in  a  Bunsen  flame,  with  a  bluish  lighL 

The  difference  between  absorption  and  radiation  is  then  simply 
^question  of  relative  intensity  of  vibration.  If  that  of  the  incident 
fays  is  the  greater  absorption  takes  place,  but  if  the  molecular 
vibrational  energy  of  the  absorbing  body  is  sufficiently  increased, 
for  example,  by  heating,  it  will  in  general  send  out  the  very  rays 
which  it  absorbed  at  a  lower  temperature. 

The  wave  length  of  radiation  is  therefore  of  prime  importance 
in  the  discussion  of  the  transparency  of  a  medium.  Investigations 
reveal  the  fact  that  bodies  which  are  transparent  to  visible  rays, 
often  absorb  the  longer  waves.  Such  a  substance  is  glass. 
The  large  deflection  produced  by  a  Bunsen  burner  placed  at  some 
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produce  strong  heat  effects  which  disappear  as  soon  as  (he  thenno- 
pile  is  moved  away  from  the  focus.  The  surface  of  the  mirrors 
does  not  need  lo  be  highly  polished  as  would  be  necessary  for  a 
corresponding  experiment  with  Hght  waves, 

(b)  If  a  thin  flask  filled  with  a  solution  of  iodine  in  carbon 

bisulphide  is  placed  in  the  rays  from  an  arc  light  it  will  act  upon 

Ihwi  as  an  ordinary  lens  would.  1.  e.,  converge  them  lo  a  focus 

I 


kU 

F, 

\) 

/ 

3  sfaort  distance  behind  the  glass.  Though  no  light  is  transmitted 
through  the  flask,  the  longer  waves  pass,  and  if  a  match  is  held 
It  the  focus  it  can  easily  be  lighted  by  the  heating  effects  of  these 
rsyi. 

313.  Inflnence  of  Tflmperatnn  upon  Radiation.  It  is  a  common 
"pcrience  that  the  intensity  of  radiation  increases  with  the  tem- 
perature. Newton's  law  of  cooling  slates  that  "The  rate  of  cool- 
'"S  of  a  body  is  proportional  to  the  difference  between  its  own 
'tmperature  and  that  of  the  surroundings,"  but  this  law  holds 
("lly  for  small  temperature  difl^erences  and  includes  cooling  both 
I'J'  radiation  and  convection.  Stefan  discovered  in  1879  that  the 
rile  of  radiation  from  a  body  is  proportional  to  the  fourth  power 
"i  its  absolute  temperature. 

If  radiation  takes  place  between  two  bodies  at  the  absolute  tem- 
peratures 7",  and  r„  where  T,  >  r„  Stefan's  law  takes  the  form 


dl  ' 


-V), 


(78) 


►here  c  is  a  proportionality  factor  and  B  the  energy  of  radiation 
emitted  by  the  hotter  body,  or,  changing  the  value  of  c,  the  energy 
received  by  the  cooler  body,  or  by  unit  surface  of  it   (intensity 
of  radiation). 
The  above  equation  may  be  written: 


dE 
~dt  " 


c(T,  —  T,)  (T,' -\- T,'T,  +  t,t;  +  t;) 


(79) 
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or  if  the  temperature  difference  is  small  so  that  T,  nearly  equals  7"t> 

which  is  Newton's  law  of  cooling. 

Stefan's  law  holds  strictly  only  for  perfectly  black  bodies  whicH 
accorilitig  lo  definition  (§309)  are  free  from  selective  absofp^ 
tion  or  radiation.  The  radiation  from  a  black  body  is  indepeO" 
dent  of  any  substance  and  a  function  of  the  temperature  only 
for  example,  that  from  a  small  hole  in  an  enclosure  with  wall^ 
at  a  uniform  temperature  does  not  depend  upon  the  nature  of  th' 
walls,  or  any  bodies  within  the  enclosure. 

This  conclusion  was   reached  independently  by   Kirchhoff  anctf 
Stewart  about  185S. 

314.  Distribution  of  Unersr  iii  tha  Spectnun.  When  radiatiow 
proceeds  from  a  black  body,  rays  of  all  wave  ]eng;th  are  presentr 
and  a  continuous  spectrum  can  be  formed  in  which  the  energy 
of  each  portion  of  the  spectrum  is  a  definite  fraction  of  the  whole. 
Such  radiation  is  called  "normal,"  or  "black  body"  radiation. 

Plotting  the  energy  of  radiation  as  a  function  of  the  wave 
length,  the  curves  in  Fig.  1S2  are  obtained;  in  each  curve  the 
maximum  corresponds  to  a  defijiile  wave  length.  As  the  tem- 
perature is  raised  this  maximum  shifts  towards  shorter  wave 
lengths  and  the  radiation  contains  more  rays  from  the  bluish  part 
of  the  spectrum  or  the  color  becomes  whiter. 

VVien  lias  shown  that  for  a  body  emitting  normal  radiation 

X„r  =  constant  (81) 

where  \„  is  the  wave  length  corresponding  to  the  maximum  of 
the  energy  curve.  This  law  is  called  Wicn's  displacement  law;  in 
general  the  constant  varies  with  the  surface  and  temperature  of 
different  radiating  bodies. 

316.  Ueasnrement  of  Temparatore  br  BMUatlon.  After  the  con- 
slants  in  equations  (78)  and  (81)  have  once  been  determined 
the  equations  can  be  used  for  the  measurement  of  the  tempera- 
ture of  radiating  bodies,  eith-er  by  measuring  the  rate  of  radia- 
tion or  by  locating  the  wave  length  corresponding  to  the  energy 
1  the  spectrum. 
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The  measurement  of  temperatures  in  the  manner  above  described 
is  called  optical  pyrometry. 

In  this  way  it  is  possible  to  approximately  measure  the  tem- 
perature of  bodies  beyond  our  reach  or  so  hot  that  other  methods 
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3fe  inapplicable.  It  should,  however,  be  kept  in  mind  that  the 
above  equations  hold  strictly  only  for  black  body  radiation;  the 
*' black  body"  temperature  calculated  from  the  formula  may  be 
somewhat  smaller  than  the  real  temperature.  The  differences  arc, 
however,  relatively  not  very  large  for  most  bodies,  but  may  amount 
to  several  per  cent 
In  this  manner  the  "black  body"  temperature*  of  the  sun  has 

^  Tbe  real  temperature  of  the  sun's  surface  is  estimated  by  different  inves- 
tigators to  be  between  7000^  and  loooo^. 
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Mdles  two  stringy  were  attached  to  diametrically  opposite  points 
the  disk  and  tangential  to  it.  They  then  passed  over  pulleys 
^^  supported  weights  sufficiently  large  to  keep  the  calorimeter 
^'tMn  turning. 

The  moment  due  to  these  weights,  each  of  mass  m,  is  then 

Moment  =  2RF  =  2Rmg  dyne  cms.  (83) 

*tht  woric  against  this  couple  during  one  revolution  of  the  paddle 
>hcclis(§93)      . 

w  =  2ir'2Rmg  ergs  (84) 

and  during  n  turns, 

W  =  4wnRmg  ergs  (85) 

This  work  is  transformed  into  heat  If  the  water  equivalent  of 
the  calorimeter  with  contents  is  C  and  the  rise  in  temperature  / 

H=Ct  calories  =  JCt  ergs.  =  W  (86) 

and 

4wnRtng      erg 
-'—      Ct       calorie  ^^^^ 

Rowland's  result  for  /  reduced  to  the  hydrogen  scale  was 

One  calorie  =  4.187  X  10*  ergs,  at  15^ 

Since  that  time  the  mechanical  equivalent  has  been  repeatedly  de- 
termined, also  by  electrical  methods  (see  §  318).  All  results  agree 
closely  with  Rowland's;  in  fact  the  above  value  is  the  average  of 
tte  best  recent  determinations. 

It  is  apparent  that  the  value  of  the  mechanical  equivalent  of 
beat  depends  upon  the  units  chosen.  Thus  if  we  select  the  kilo- 
gram-meter  instead  of  the  erg,  and  the  large  calorie,  K,  as  heat 
unit,  /  will  be  427  (kilogram-meter)/(large  calorie).  Using  the 
English  system  we  obtain  for  one  British  thermal  unit 

One  B.  T.  U.  =  778  foot  pounds. 

While  in  all  preceding  work  the  calorie  was  used  as  the  unit 
of  heaty  because  it  is  most  convenient  for  heat  measurements, 
18 
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quantity  of  heat  can  as  wdl  be  u^ressed  in  mechanical  nnits  u 
in  thennal  units. 

317.  The  Fnt  Lair  of  Tbermodyumla.  The  fact  that  qnantitr 
of  heat  and  mechanical  work  are  equivalent,  can  be  fonnubted 
thus:  "When  equal  quantities  of  mechanical  effect  are  producel 
by  any  means  whatever  from  purely  thermal  sources  or  are  lost 
in  purely  thermal  efTects,  equal  quantities  of  beat  are  put  out  of 
existence  or  are  generated"  (Kelvin). 

This  principle  is  called  the  first  law  of  thermodynamics.  Its 
mathematical  expression  is: 

SW  +  5ff=o  (88) 

where  IV  and  H  denote  the  mechanical  cner^es  and  quantities  of 
heat,  both  of  course  expressed  in  the  same  units.  If  mechanical 
work  is  done  upon  a  body  or  heat  absorbed  by  it,  t.  e.,  if  its  total 
energy  is  increased,  these  quantities  are  positive,  while  they  are 
negative,  if  the  work  is  done  by  the  body  or  heat  given  out 

318.  Lav  of  Oonsemtion  of  Eneriy.  After  the  first  law  of 
thermodynamics  was  once  established  it  was  only  a  step  to  extend 
it  to  other  branches  of  physics.  Mayer  gave  in  1845  'be  first  clear 
statement  of  the  law  of  conservation  of  energy,  wluch  was  followed 
two  years  later  by  the  classical  paper  of  von  Helmholtz :  "  Ueber 
die  Erhaltung  der  Kraft." 

This  most  important  physical  law  can  be  worded  in  many  differ- 
ent ways,  for  example: 

"  In  any  system  of  bodies  the  energy  remains  constant  during 
any  reaction  or  transformation  between  its  parts." 

Extending  this  principle  beyond  the  field  of  actual  experimenta- 
tion it  has  also  been  stated  as:  "The  energy  of  the  universe  is 
constant." 

Since  we  have  to  deal  only  with  the  transition  of  a  system  of 
bodies  from  one  state  into  another  and  are  unable  to  determine 
the  absolute  amount  of  energy  in  a  body,  a  more  practical  state- 
ment of  the  law  of  conservation  of  energy  would  be  "  The  energy 
of  a  system  in  a  given  state,  referred  to  a  fixed  (normal)  state, 
has  a  definite  value,  independent  of  the  way  in  which  the  trans- 
formation from  one  slate  to  the  other  has  taken  place." 
For  suppose  that  there  were  two  ways  possible  in  which  the 
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1  couM  pass  from  state  A  to  state  B  and  that  in  one 
7  change  would  be  different  from  that  in  ihe  other.  Wc 
Id  then  let  the  system  pass  from  A  lo  B  \n  one  way  but  return 
1  in  the  other.  In  the  end  the  system  would  be  exactly  in  the 
e  condition  as  at  the  beginning,  but  in  addition  energy  would 
er  have  been  created  or  destroyed,  which  is  inadmissible. 
The  law  of  constant  heat  sums   in  chemical  reactions   (g  267) 

iws  directly  from  this  principle. 
Also  the  electrical  experiments  for  the  determination  of  the 
I  equivalent  of  heat  furnish  a  good  illustration  of  the 
n  of  energy.  We  shall  see  later  that  electrical 
s  equivalent  to  mechanical  energy  and  can  be  measured 
)  ergs;  further  that  heat  is  produced  in  a  wire  \n  which  elec- 
ical  energy  is  consumed.  By  measuring  the  heat  produced  during 
t  disappearance  of  a  known  amount  of  electrical  energy,  the 
i  for  the  mechanical  equivalent  of  heat  can  easily  be  calcu- 
blwL  Such  determinations  of  /  have  been  made  by  Griffiths, 
Scbnster  and  Gannon,  and  Callender  and  Barnes  and,  as  stated 
It,  the  results  agree  very  closely  with  the  values  obtained  by 
Ibc  mechanical  melhods. 

319.  Tbe  Two  Specific  Heats  of  0«MS.    If  a  gas  is  heated  under 
constant  volume  the  heat  necessary  to  raise  its  temperature  from 
s(§26o) 

H  =  Mc„{l,~0  (89) 

if  the  gas  is  heated  under  constant  pressure  through  the  same 
(nperattire  interval,  the  heat  absorbed  is 

H.  =  A/<:,  (/,  —  /,)  C90) 

and  Cp  are  the  heat  capacities  of  the  gas  under  constant 
lume  and  constant  pressure  respectively. 
In  the  second  case  work  is  performed  by  the  gas,  namely 

W=^P{V.-V,)  (90 

But  this  work  is  energy  taken  from  the  ^s  and  therefore  nega- 

If  it  is  assumed  that  the  expansion  of  the  gas  alone,  t.  e., 

separation  of  its   molecules,   requires   no  work    (see  §304) 


Wc  \ 
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the  first  law  of  thermodynamics  gives 

Mc,(t,-t,)  =Mc,{t,-t,)  _P(F.-  F.)  (9*) 


or 


.  _c  ^P(^-^')  (93) 


If  the  gas  is  a  perfect  gas  the  gas  law  (§  256)  may  be  appUcd> 

and 

Cp  —  c»  =  R^M  =  /?,  caL  per  gram-degree  (95) 

Of  course  c^  c^  and  R,  must  be  e3q>ressed  in  the  same  units.     I^ 
the  mechanicsd  units  are  used,  the  last  equation  becomes 

J(Cp  —  O  =^R^^PV/MT  ergs  per  gram  degree.      (96) 

The  difference  of  the  specific  heats,  Sp — s^is  numerically  equal ' 

to  Cp  —  Cp, 

The  last  equation  may  be  used  to  calculate  the  mechanical  equivalent  of 
heat,  which  was  done  first  by  Mayer  in  184X.     Sohring  for  /  we  obtain 

Under  atmospheric  pressure  (P  =  1012630  dynes/cm*.)  and  at  o*  (r=  273) 
the  density  of  air  is  0.001293  gram  per  cm';  c^^ 0.238  and  C9  =  0.169. 
Therefore, 

1012630  ^        ,     erg 

-^       0.069  X  0.001293  X  273  calone 

In  the  derivation  of  the  formula  it  was  assumed  that  the  internal  work 
done  during  the  expansion  of  a  gas  is  zero.  Joule  and  Thomson  proved  by 
the  porous  plug  experiment  that,  while  it  is  not  zero,  it  is  very  small  in 
the  case  of  permanent  gases. 

SM.  Balio  of  tht  Spedflc  EeilB  of  Ommi.  In  the  section  on  the 
molecular  theory  of  gases  (§  227)  it  was  shown  diat  the  molecular 
kinetic  energy  of  translation  of  a  mass  if  of  a  gas  is 

Ea.  =  \U^  (98) 
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where  ^  is  the  mean  square  of  the  velocities  of  the  molecules; 

iDdthat 


*'«re  p  U  the  density  of  the  gas. 
From  this  follows 


F.K' 


y  Charles  law,  combined  with  the  above  equations 
J\l\  _  7,  _  tj      f^V 

'    '  The  kinetic  energy  of  a  gas  is  therefore  proportional  to  the  abso- 
lute temperature. 

The  heating  of  a  gas  at  constant  volume  may  produce  two  effects, 
I,  an  increase  of  the  molecular  motion  of  translation  changing  the 
mean  square  from  v'  to  v';  2,  an  increase  of  the  internal  energy 
of  the  molecules,  t.  e.,  rotational  and  possibly  vibrational  energy. 
The  total  heat  necessary  to  heat  a  gas  under  constant  volume  con- 
sists thus  as  a  rule  of  two  parts, 

H^  =  H,  +  H,  =  iM(V^  —  ^')  +H,=  cja(t,—  I,)     (99) 

But  if  the  heating  takes  place  under  constant  pressure,  an  ad- 
ditional amount  of  heat^must  be  added  to  take  care  of  the  external 
work.  But,  FK=|Aft^,  and  therefore  the  work  done  during  ex- 
pansion, i.  e.,  P(y, —  V,),  equals 


JM(».'-p,')  =  §H, 


(100) 


Thus  heating  through  the  same  temperature  range  under  i 
stani  pressure  requires 


H^  _  1^^  +  ^,  =  'V^C,  -  'i) 
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/'K  =  R,r  =  constant 


(107) 


are  rectangular  hyperbolas  (sec  Fig.  163). 

If  a  gas  of  volume  V,  under  the  pressure  P,  expands  isoihermally 
lo  a  volume  V,  under  pres- 
'"■"e  P,  it  performs  exter- 
"sl  work  and  must  absorb 
"1  e<)uivalcnt  amount  of 
fif't  from  the  outside  to 
prevent  being  cooled.  The 
'»'o'"k  done  by  the  gas  is 
''presented  by  the  area 
included  between  the 
turve,  the  volume  axis  and 
"ht  two  ordinates  P,  and 
''i'  the  area  shaded  in  the 
'*■••' <!  56).  ,„,,.„ 

iJn  the  other  hand   11 
*s   gas  is  compressed  isothermally  between  the  same  limits,  the 
same  amount  of  work  is  expended  upon  the  gas  and  an  equivalent 
amount  of  heat  given  out. 

The  langent  to  the  isothermal  through 
any  point  (F,  V),  Fig.  164,  of  a  perfect 
gai  is  given  hy 


V<»'*"'t> 


It  ia  the  straight  tine  drawn  through 
(P,  V)  from  3  point,  A,  on  the  volume 
axis,  at  a  distance  aP*  from  the  origin. 

322.  Adisbatic  Process.    A  pro- 

Voiumtj        cess  in  which  the  body  (or  system 

A  of     bodies)     under     consideration 

neither    receives    heat    from    nor 
'"^3  heat  to  other  bodies  is  called  an  adiabatic  process. 
In  the  case  of  a  perfect  gas  the  equation  for  an  adiabatic  ex- 


mion  or  compression  is 

py 


(109) 
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s  done  ili'iwfcg  expinsoc  and  since 
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[hs  is  a  Iravr^g'  of  the  gas.   The 
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CiZBot'i  CtcIb.  It  is  dear  thai  an  isothermal  or  adiabatk 
followed  t^  a  simple  rerersal  will  in  the  end  leave 
o  change  whatever  in  the  system.  In  order  to  obtain  mechan- 
ical «-oTk  from  a  gas  and  at  the  same  time  return  if  to  its 
Anginal  condition,  so  that  the  process  may  be  repeated  at  will,  the 
expansion  of  the  gas  and  its  return  to  the  starting  point  must 
proceed  along  different  paths. 
An  ideal  cycle  of  this  kind  was  first  suggested  by  Camot,     It 

of  the  following  four  processes  (Fig.  i66). 

(a)   During   the  tsotkermaS  expansion    at   the   temperature    7", 

from  the  stale  A  to  state  B  the  work  done  equals  the  area  ABba 

amount  of  heat,  //„  is  absorbed  by  the  expanding  gas. 

(6)  During  adiabalic  expansion   from  B  to  C  the  work  done 

■quals  area  BCcb,  no  heat  is  absorbed  and  the  temperature  drops 

o  T^ 

(c)  Now  let  the  gas  be  compressed  isotkermaUy  from  C  to  D. 
"Extemal  work  must  be  spent  equal  to  area  DCcd  and  an  amount 

[  heat,  H,.  is  given  out  by  the  gas  at  the  lower  temperature  T^ 

(d)  Finally   let   the   body   return    to  its  original   state   by   an 
adiabatic    compression;    the    external    work    to    be    spent    equal: 

iADda. 


M 
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Fig.  1 66. 


By  performing  this  cjrde  the 
following  lasting  results  are  ob- 
tained: 

1.  A  quantity  of  heat,  H^  has 
been  absorbed  at  a  temperature 

2.  A  quantity  of  heat,  Hj 
has  been  given  out  at  the  tem- 
perature T,; 

3.  A  certain  amount  of  me- 
chanical work  represented  by 
the  area  included  between  the 
two  isothermal  and  two  adia- 
batic  lines: 


ABCD  =  ABba  +  BCch  —  DCcd  —  ADda 

has  been  performed  and  must  have  been  obtained,  according  to 
the  first  law  of  thermodynamics,  by  a  disappearance  of  a  quantity 
of  heat  equal  to  H^  —  H^ 

The  body  performing  the  cycle  is  in  the  end  in  exactly  the  same 
condition  as  before ;  it  has  been  only  the  agent  by  means  of  which 
the  above  results  were  obtained  and  is  therefore  called  "  the  work- 
ing substance." 

Carnot  also  imagined  an  engine  in  which  this  cycle  may  be  used 
for  the  continued  production  of  work  from  heat  (Fig.  167). 

Let  the  working  substance,  for  example,  a  gas,  be  enclosed  in 
a  cylinder  with  walls  impermeable  to  heat,  in  which  a  frictionless 
piston,  also  non-conducting,  moves;  but  let  the  bottom  of  the 
cylinder  be  perfectly  conducting.  Besides  this  we  need  a  source 
of  heat,  the  "  heater  "  at  a  higher  temperature  T^,  a  "  refrigerator  " 
at  the  lower  temperature  T,  both  perfectly  conducting,  and  a  stand 
S,  of  non-conducting  material.  The  four  parts  of  Camot's  cycle 
may  then  be  realized  by  the  following  manipulations. 

(a)  The  cylinder  at  the  temperature  T^  is  placed  in  contact  with 
the  heater  and  the  gas  expanded  isothermally. 

{h)  The  cylinder  is  transferred  to  the  non-conducting  stand  and 
the  expansion  continued  adiabatically  until  the  temperature  has 
fallen  to  T^ 
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(c)  The  cylinder  is  placed  in  cootsct  with  the  refrigerator  and 
I  O^nsscd  isotbemiallj. 

ii)  The  cjliader  U  again  placed  upon  ibe  Mlamd  and  compressed 
*£abaticall]r  ontil  the  temperature  has  risen  to  T,. 

Tbtse  four  operations  might  just  as  well  have  been  made  in  tbe 
**v«se  order ;  for  example  we  might  have  started  with  tbe  cyliocfcr 
a  antaa  with  the  refrigerator,  at  the  teraperalnre  T,  and  e 


Htater 
(T.) 


1^^^ 


Working 
&uhlitinc« 


pressure  corresponding  to  ihe  point  D  of  figure  166.  Then  let 
tbe  gas  expand  isothermally  until  the  point  C  is  reached.  A  qiian- 
(ily  of  heat  equal  to  H,  will  be  absorbed.  The  next  operation 
would  be  an  adiabatic  compression,  with  the  cylinder  upon  the  non- 
conducting stand.  Then  the  cylinder  is  placed  upon  the  heater 
and  tbe  gas  compressed  isothcrmally.  The  quantity  of  heat  equal 
to  H,  is  given  lo  the  heater.  Finally  the  cylinder  is  placed  again 
upon  the  stand  5  and  the  gas  expanded  adiabatically  until  its  tem- 
perature has  fallen  to  T^  The  result  of  this  reversed  process  is, 
that  heat  is  transferred  from  a  lower  temperature  to  higher,  while 
at  the  same  time  mechanical  work  is  transformed  into  heat.  t.  e., 
the  effect  of  the  engine  is  reversed  with  the  operations.  For  this 
reason  Camot's  hypothetical  engine  is  a  "reversible"  one. 

326.  Efficiency  of  Camot's  Cycle.  ISy  efficiency  we  under- 
stand here  the  ratio  of  the  quantity  of  heat  transformed  into  work 
to  the  quantity  of  heat  absorbed  by  the  working  substance  at  the 


higher  temperature,  or 


{ml 


Camot  derived  the  important  principle,  that  the  effiriency  '^^ 
all  reversible  engines  working  between  the  same  two  temperatars 
is  the  same 

For,  let  tis  suppose  a  reversible  engine,  A,  with  a  greater  t^ 
dency  than  Camot's  engine,  to  exist  and  to  be  coupled  with  a  C^' 
not  engine  C,  the  latter  working  backwards.  A  may  absorb  a  qu^*^' 
tity  of  heal,  H„  at  the  higher  temperature  and  give  out  H,  at  <^^ 
lower  temperature,  while  C  absorbs  H,'  at  the  lower  and  retu*^* 
if,'  to  the  higher  temperature.  ITien  H,  —  H,  is  the  heat  c*^"" 
verted  into  work  and  H,'  —  H,'  work  converted  into  heat  durSig 
one  cycle  of  each  engine.  Let  A  produce  only  i/n  as  much  wc"! 
in  one  cycle  as  C.  Then  A  should  be  coupled  to  C  in  such  a  iv^/ 
that  it  makes  n  cycles  to  each  one  of  Cs.    For  one  cycle  of  C 

n(H,~H,)  =H:  —  Ii:  (123J 

The  efficiency  of  engine  A  during  n  cycles  is  apparently 

According  to  our  supposition 

H,-H,_  niH,-H,)      H.'-HJ_ 

H,      ~  nH,       ^       HI  ^     ^' 

If  this  were  so,  //,'  would  be  larger  than  it/f^,  or  engine  C 
would  return  more  heat  to  the  reservoir  at  the  higher  temperature 
than  is  taken  from  it  by  A.  As  the  only  result  of  the  working 
of  the  two  engines  heat  would  be  transferred  continuously  from 
the  cooler  to  the  hotter  reservoir,  while  experience  shows  that  in 
all  natural  processes,  where  only  an  exchange  of  heat  occurs,  heat 
flows  in  the  opposite  direction  (see  §329).  The  assumption  that 
A  has  a  larger  efficiency  than  C  is  therefore  inadmissible. 

In  the  same  manner  we  may  reach  the  conclusion  that  no  revers- 
ible engine  can  have  a  smaller  efficiency  than  Camot's  engine,  and 
thus  the  correctness  of  Camot's  principle  is  established. 


carnot's  cycle. 
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The  efficiency  of  a  reversible  engine  is  therefore  independent  as 
well  of  the  nature  of  the  working  substance  as  of  the  quantity  of 
heat  absorbed  at  the  higher  temperature,  and  is  only  a  function  of 
the  temperatures  between  which  the  engine  works. 

886.  Effldancr  and  Tampentnraa  In  a  BsrorBlblB  Ot^b.  The  equa- 
tions {or  uotherTDsl  and  adiabatic  expantion  of  a  perfect  gas  eitc: 


^,r,=  J=.r.    or     ^  =  -f?  ("7) 

^,K,Y=/',K,T  (138) 

j'l^iy = fty^''  ("9) 

Dividing  (laS)  bj   (139)   and  Babstttvttng  (136)  and  (137) 

^S^'=i£i'  (.30) 

The  four  volume*  are  therefore  not  independent  of  each  other. 
Tbe  amount  of  heat  absorbed  during  the  first  operation  ii 

■imilarlj  for  the  third  operation  : 

^,-=  —  fy^fdl'=^MKi'>S^  (133) 

Dividing  (133)  by  (133)  and  considering  equation  (131)  and  the  gas  law 


Hence,  if  w<  measure  the  temperature  by  the  gas  taw,  i.  «.,  take  a  perfect 
gas  aa  thermometric  substance,  the  quantities  of  heat  absorbed  and  given  out 
hf  tbe  working  substances  are  proportional  to  the  absolute  tcmpeiattireB,  and 


337.  The  Thaimodynunic  Scale  of  Temperature.    Since  the  effi- 
ciency of  a  reversible  engine  working  between  two  given  tempera- 
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tures  depends  on  these  temperatures  only.  Lord  Kelvin  suggested 
that  this  property  might  be  used  for  the  construction  of  a  tnity 
"absolute"  scale  of  temperature,  i.  t.,  oue  independent  of  anj 
thennometric  substance.  We  may  thus  agree  that,  counting  from 
a  given  temperature,  Q„  of  the  warmer  reservoir,  the  interval 
between  this  temperature  and  that  of  the  refrigerator,  9^  shall  be 
proportional  to  the  efficiency  of  a  reversible  engine  working  be- 
tween the  two  temperatures. 
Since  0,  is  a  constant,  the  efficiency  is  expressed  by 


«  =  .<(«,  —  «,) 


(136) 


The  centigrade  principle  should  be  chosen  to  fix  the  value  of  the 
unit  of  the  scale.  Thus  if  tf, 
represents  an  isothermal  at 
the  temperature  of  boiling 
water  and  i9,  the  temperature 
of  melting  ice,  the  99  isother- 
mals  between  the  two  should 
be  located  so  that  the  area 
included  between  two  con- 
secutive isothermals  and  a 
given  pair  of  adiabatics 
equals  i/iooth  of  the  area  be- 
tween the  isothermals  at  0, 
and  0,  and  the  same  adia- 
batics (§241)- 
'^"'"'  Supposing    that    we    can 

''"^  '  lower  the  temperature  of  the 

refrigerator  sufficiently  so  that  all  heat  absorbed  is  converted  into 
work,  this  temperature  must  be  the  absolute  zero.  For,  if  still 
lower  temperatures  existed,  we  could,  by  selecting  this  as  the 
temperature  of  the  refrigerator  get  more  work  out  of  the  absorbed 
heat  than  its  mechanical  equivalent;  but  this  contradicts  the  first 
law  of  lhcrmod>-namics.  If  the  refrigerator  is  at  absolute  lera 
the  efficiency  would  be  unity,  and 


\=A9^   or    A  =  \f9t 


(137) 
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With  any  other  temperature  of  the  refrigerator 
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Ct39) 


Hence  the  quantities  of  heat  absorbed  and  given  out  by  a  re- 
versible engine  are  proportional  to  the  absolute  temperatures  on 
the  thermodynamic  scale. 

EqnalioQ  (139)  is  idcniical  wilh  {134).  The  ihermodynamic  scale  would 
Ibcrefore  agree  with  one  oblained  wilh  a  perfect  gas  as  thermomelric 
■ntwlaiice,  and  diETer  the  more  from  an  ordinary  gas  Ibermometer  (he  more 
tbe  gu  employed  differs  from  a  perfect  gas.  The  corrections  to  be 
spplieil  10  a  given  gas  scale  can  be  calculated  if  Ihe  deviations  of  the  gas 
from  the  gas  law  are  known.  These  have  been  delermined  by  the  porous 
plug  e^eritnent  (t  304).  Since  hydrogen  differs  but  little  in  ils  properties 
from  a  perfect  gas  Ihe  hydrogen  scale  must  closely  agree  with  the  thermo- 
drnaniie  scale:  in  fact  Callendar  calculated  that  between  — so°  and  150° 
the  differences  amount  (o  less  than  o.odi°,  and  even  at  1000°  Ihe  readings 
on  the  hydrogen  scale  are  only  0.044°  lower  than  those  on  the  thermo- 
dynamic   scale.      Buckingham    more    recently    found    practically    Ihe    same. 

328.  Vuiatlon  of  the  FreflBiag  Point  with  PreBBore.  Let  one 
gram  of  water  be  frozen  under  atmospheric  pressure  at  0°  =  7",. 
The  amount  of  work  done  is 

lV  =  P(vt-v^)  (140) 

where  vi  and  v^  are  the  specific  volumes  of  ice  and  water  respec- 
tively. Their  difference  is  0.0907  cm.',  P=  I013000  dynes  per  cm.', 
therefore 

ff  =  91,880  ergs 

Now  let  the  pressure  be  changed  to  zero,  while  the  temperature 
rises  to  Ti^r.  +  AT,  the  melting  point  of  ice  under  zero  pres- 
sure. (See  also  §  294).  No  further  work  is  done  since  the 
volume  of  ice  does  not  change  appreciably,  and,  since  AT  is  a 
very  small    fraction    of  a   degree,    also   the    thermal    effects   are 

igligible.     At  T,  the  ice  is  melted  again.     The  external  work  is 


■taaattflB 
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1  oatBTi]  process.    For  *'^—|J-  (a)   hr 
k  kat  m^  be  tivnfemd  fraa  At  nfTiprattr  m  Ibe  ruer- 
itit  oi^bcr  tf  wpertlpi  e,  out  al  toe  tssic  tiss  4  bnstorazooA 

to  heat  takes  pbcc 

(i)  IfedtaincJ  work  an  be  ottaincd  froni  bat.  as  is  dK  firect 

■Oraot  cjde,  bat  not  witbool  a  tmuference  of  Ixat  fava  a  Ugber 

Wto  a  Inrer  tempeiafre.    Heat  ts  abo  traBsfanneJ  iiMo  wwk 

I  Arnic  fc  expaasioa  of  gases,  bm  the  btlcr  c 

(c)  A  compression  of  a  gas  is  iiapoasJble  ' 

I  ■trie  hdog  transformed  into  beat,  vlnck  Utter  apitean  is  the  gas. 

A  natural  process  can  take  place  eitber  alone  or  accMnpanied 

I  ^  a  artificial  ooc.     Onfj  in  the  latter  case  can  the  process  be 

I  rtimed    TTins  in  Camot's  cyck  we  hare  a  onAmiatMa  of  beat 

I  Inuference  and  prodoction  of  work.     Rcrerstng  it.  the  beat  am 

J  «  tntnsferred  in   the  opposite  directiaa  br  retransfomting  the 

I  *od[,  obtained  bjr  the  6rst  opcntioR,  into  beat.    />  tvtrj  tmck 

I  fjdt  there  miut  be  a  combination  of  a  a^aiiit  amd  artifeiai  frot- 

I  *»«  wcA  ttep  of  Itu  cycle. 

There  arc,  however,  phenomena  in  nature,  in  whidi  oolv  the 
Ul&nl  process  takes  place,  without  an  eqniraleot  artifidal  one, 
fiir  example, 
(a)  CooductJon  of  heat, 
H)  Production  of  heat  by  friction, 
(c)  Expansion  of  a  gas  into  a  vacnnm. 
N'one  of  these  processes  can  be  reversed  wttboal  a  lasting  change 
Iwing  produced  in  the  svstem.     Let,  for  example,  heat  be  con- 
ducted directlj   from  the  heater  to  the   refrigenlor  in  Camot's 
oigine.    To  rcTerse  this  process  the  engine  nrast  be  worked  back- 
awards,  and,  after  the  heat  is  restored  to  the  heater,  mechanical 
»ork  from  the  outside  has  disappeared  and  the  whole  system  tak- 
;  part  in  the  cycle  is  not  in  the  original  condition. 
Such  irreversible  processes  as  conduction  of  heat,  friction  and 
ixpansion  of  gases  will  make  any  process  of  which  Ihcy  form 
1  part  irreversible,  and  they  appear  to  a  greater  or  less  extent  in 
all  natural  phenomena. 

330.  Tbe  Second  Law  of  Thermo  dTiiamics.    The  second  law  of 
thermodynamics  is  an  attempt  to  formulate  in  a  single  rule  the 
mplicated  relations  discussed  in  the  last  article,  and  thus  com- 
'9 
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•4  passed  through  the  large  number  of  small  Camot's  cycles. 
for  each  of  the  latter  equation  (139)  holds, 


consequently 


f--^-«         (.«) 


sf-l5"-o  (144) 


Taking  H  with  the  proper  sign,  positive  if  the  heat  is  added  to 
'  bocfy,  negative  if  it  is  lost,  the  last  equation  can  be  written 


^ff  CdH 

2-g-=o    or 


J     ^   -o  (MS) 


This  summation  is  called  entropy.  The  last  equation  can  there- 
fore be  worded  thus:  In  any  reversible  cycle  the  entropy  of  the 
system  remains  constant. 

Suppose  heat  to  be  transformed  into  work  by  a  reversible  cycle. 
Let  2H,  be  the  heat  lost  by  the  heaters,  2H,  that  gained  by  the 
refrigerators.  For  each  partial  cycle  H^  >  H,  according  to  the 
first  law  of  thermodynamics,  hence  from  equation  (143)  0^>  $^\  so 
also  for  their  sum  S^i  >  S^r  ^^  therefore  heat  is  transformed  into 
work  it  must  be  transferred  from  a  higher  to  a  lower  temperature. 

382.  lucreasa  of  Entropy.  The  absolute  value  of  the  entropy  of 
a  body  is  unknown,  but  we  have  to  deal  only  with  entropy  changes 
and  may  take  any  standard  state  as  reference  point.  If  a  revers- 
ible change  occurs  in  which  heat  is  neither  absorbed  nor  given  out, 
the  entropy  remains  constant;  in  this  case  an  adiabatic  change  is 
also  an  isentropic  one. 

For  irreversible  processes  the  entropy  of  the  system  always  in- 
creases. In  heat  conduction,  for  example,  heat  is  lost  by  the 
hotter  body  at  B^  and  gained  by  the  cooler  body  at  B^  The  loss  of 
entropy  H/B^  is  therefore  smaller  than  the  gain  H/Br  But  since 
the  former  is  negative,  we  have  for  a  system  of  bodies,  between 
which  heat  exchange  by  conduction  takes  place 

*^ 

2>^>o  (146 
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which  may  be  cmisidered  u  the  mathematical  expression  of  tiic 
second  law  of  thennodyiuimics  for  irreversible  processes. 

The  same  proposition  can  be  proved  for  other  irreversible 
processes. 

Since  all  natural  phenomena  are  accompanied  by  some  irre- 
versible process  we  may  state:  Daring  any  transformatioD  in  na- 
ture the  entropy  tends  to  increase.  Such  irreversible  processes  as 
conduction  and  radiation  produce  an  equalisation  of  temperature 
and  the  entropy  tends  towards  a  maximum  which  is  reached  when 
a  uniform  temperature  exists  throughout  and  a  transformation  of 
heat  into  mechanical  work  has  become  impossible. 

333.  Efflciea^  of  an  XnsvaniUe  Oyde.  Let  a  process  which  is 
only  partly  reversible  be  carried  through  a  cycle  between  the  tem- 
peratures tf,  and  6^    Accordii^  to  the  last  article 


(■48) 

But  (//,  —  H,)/H^  is  the  cfiSciency  of  the  irreversible  cycle  and 
(tf,  —  B,)/6i  that  of  a  reversible  cycle.  The  efficiency  of  an  irre- 
versible cn^ne  is  therefore  always  smaller  than  that  of  a  revers- 
ible engine  working  between  the  same  temperatures.  The  result 
can  easily  be  generalized  in  the  same  way  as  in  §332. 

334.  Tha  Steam  Engine.  The  most  important  method  for  trans- 
forming heat  into  mechanical  work  is  by  means  of  a  steam  engine, 
in  which  steam  plays  the  role  of  the  working  substance. 

In  this  engine  we  may  distinguish  the  following  partial  opera- 
tions : 

(a)  Steam  coming  from  a  boiler  produces  external  work  b^ 
moving  a  piston  against  pressure.  The  process  takes  place  prac- 
tically under  constant  pressure,  the  pressure  of  the  steam. 

(b)  The  communication  with  the  boiler  is  shut  off  but  the  steam 
still  expands  against  external  pressure.  This  corresponds  to  the 
adiabatic  expansion  in  Camot's  cycle,  but  in  fact  is  nearly  an 
isothermal  process  due  to  the  conduction  from  the  walls  and  the 
effects  of  condensation. 


THEKMODVNAUICS. 

(c)  The  steam,  partly  condensed,  is  connected  with  the  out- 
side tnd  the  volume  reduced,  while  the  steam  escapes  into  the  air 
K  i  condenser  kept  at  a  lower  pressure  than  the  air.  There  the 
iKun  is  coadensed  to  water.  This  is  also  a  process  nnder  con- 
sOol  pressure. 

(i)  Communication  with  the  outside  is  shut  off  and  the  remain- 
ing tieam  compressed  with  a  rise  of  temperature  to  the  original 
prejsnre. 

To  make  the  cycle  complete  for  the  working  substance,  we  may 
snppoM  that  the  water  is  returned  from  the  condenser  to  the  boiler 
Id  be  Itansformed  again  into  steam. 

Tbe  schematic  sketch.  Fig.  170,  may  illustrate  the  working  of 
i!k  n^ine.    Suppose  the  piston  P  in  such  a  position  that  steam  is 


Fio.    1 


adtnitled  through  the  steam  port,  a,  into  the  cylinder  A.  The 
piston  is  moved  towards  the  right,  producing  a  rotation  of  the 
shaft  7".  A  slide  valve  C  is  connected  with  the  shaft  so  as  to  be 
moved  towards  the  left  by  the  rotation  of  7*;  it  soon  shuts  fl(f 
Ihe  steam.  The  motion  of  the  piston  continues,  however,  increas- 
ing the  volume  A  and  decreasing  the  pressure.  Shortly  before  the 
piston  reaches  its  extreme  position  at  the  right,  the  valve  C  has 
moved  over  far  enough  to  connect  A  with  the  exhaust  port  e  thus 
reducing  the  pressure  to  that  in  the  condenser.  Now  the  decrease 
in  volume  begins  since  the  piston  is  pushed  in  the  opposite  direc- 
tion by  steam  which  is  admitted  by  the  slide  valve  to  the  other 
side  of  the  cylinder.  Finally  the  side  valve,  which  moves  now 
back  towards  the  right,  shuts  A  off  again  and  the  remaining  steam 
compressed  to  the  original  pressure  by  the  continued  motion  of 
the  cylinder  to  the  left,  when  the  valve  reestablishes  comroumca- 
tion  with  the  steam  port  and  the  cycle  begins  anew. 
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VelumM 


Fig.  171. 


By  a  proper  mechanism  the  rela- 
tion between  the  volume  and  the 
pressure  of  the  steam  can  be  traced 
simultaneously  upon  a  card.  This 
diagram  is  known  as  the  indicator 
-  card.  Fig.  171. 

It  shows  distinctiy  in  the  four 
parts  ab,  be,  cd,  and  da  of  the  curve  the  four  operations  mentioned 
above.  This  cycle  differs  considerably  from  a  Camot's  cycle 
though  bearing  a  general  resemblance  to  it 

336.  The  Ei&ciency  of  a  Steam  Engine  is  considerably  below  that 
of  a  reversible  cycle.  To  increase  its  efficiency  the  step  from  the 
high  boiler  pressure  to  that  of  the  exhaust  is  usually  divided  into 
two,  three  or  four  steps  (compound,  triple  or  quadruple  expansion 
engine)  since  higher  initial  pressures  and  temperatures  can  be 
used  in  such  cases. 


Efficiency  of  Steam  Engines. 


o 
Willan's  Engine  (non  condensing) 164 

Levitt  Pumping  Engine  (compound) 181.6 

Levitt  Pumping  Engine  (triple  expansion) I9L9 

Nordberg  Engine  (quadruple  expansion) I  206.35 


Temperature. 
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In  §  268  the  heat  of  combustion  of  one  gram  of  coal  was  given 
as  about  8000  calories  =  33.5  X  10"  ergs.  A  part  of  this  is  lost 
before  it  reaches  the  boiler.  The  greatest  efficiency  of  a  steam 
engine  obtained  so  far  is  25  per  cent.  Therefore  under  the  most 
favorable  conditions  one  gram  of  coal  will  yield  about  8.5  X  10" 
erg^,  neglecting  the  loss  from  the  furnace  to  boiler. 

Elxpressed  in  English  units  the  calculation  would  be  thus: 

One  pound  of  coal  produces  at  the  boiler  about  10,000  British 
Thermal  Units;  one  B.  T.  U.  equals  778  foot  pounds.  One  horse 
power  for  one  hour  =  550  X  3.600  =  198  X  10*  foot  pounds. 

With  highest  efficiency  of  the  engine  one  pound  of  coal  furnishes 


r 

I 


a  (beet  of  ice  5  cm.  thick.     How  much  beat  wtndd  pas*  tbroagk  tlie  ice 
two  hours  if  the  temperature  of   the  ait  Lt  — 10°   and  the  ie«  doea  noC 
incrcaie  appreciably  in  Ihickneis? 

IS.  How  much  coal  must  be  burned  to  compensate  for  the  loss  due  to 
conduction  of  heat  ibrougb  a  glass  window,  4  mm.  thick  and  having  ai* 
area  of  two  square  meters,  atqipoviDK  that  the  air  in  the  room  next 
the  glass  is  at  is°  and  the  outside  air  at  — la"  ^  Whj  is  this  anun 
much  larger  than  that  actuaUr  needed  to  keep  a  room  at  15°  when  the 
temperature  outside  is  —  10°  ? 

19.  How  much  ice  at  0°  will  be  melted  by  50  g.  of  copper  which  t 
been  healed  to  zoo°  ? 

20.  How  much   heat  is  necessary  to  change  50  g.  of  ice  at  —  to' 

21.  100  g.  of  ice  at  —  10°  are  dropficd  into  a  nickel  calorimeter  whose 
mass  is  100  g.  and  which  contains  joa  g.  at  water.  The  temperature  of 
the  calorimeter  is  lowered  from  30°  (o  ii.g°.  How  large  is  the  heat  of 
fusion  of  water? 

22.  One  aide  of  a  copper  plale  1.5  cm.  thick  is  kept  at  100*  by  me 
of  slcam  and  tbc  other  is  in  contact  with  melting  ice.  4.5  kilograms  of 
ice  are  mrlted  in  one  hour  by  the  heat  conducted  through  the  plate. 
Find  (he  coclficient  of  thermal  conductivity  of  copper. 

23.  Heal  is  supplied  at  a  constant  rate  to  a  block  of  tin.  It  is  fotrod 
that  the  temperature  of  the  tin  increases  3°  in  a  seeonda.  As  soon  I 
tbc  melting  point  is  reached  Ibc  Icmpcralure  remains  constant  for  i£ 
tecondi,  i.  e.,  until  all  the  tin  is  melted.  Haw  large  is  the  heat  of  fusion 
of  tin?     Specific  heat  of  tin  =^0.055. 

24.  How  large  a  portion  of  water  undercoolcd  to  — 13°  will  freexe 
when  crystallization  takes  ptnce. 

26.  How  much  would  the  air  in  a  room,  6X5X3  meters,  be  warmed 
by  the  condcnsnlion  of  one  kilogram  of  steam  in  the  radiator? 

26.  How  much  heat  is  absorbed  when  one  kilogram  of  liquid  air 
boiled  under  atmospheric  pressure  and  subsequently  healed  to  ao°  ?  Cr 
pare  this  amount  with  the  beat  absorbed  b;  one  kilogram  of  ic«  melted 
at  o'  and  subscquenlly  heated  10  ao'.  Boiling  point  of  liquid  air  :=  —  190*, 
heat  of  vaporiislion  of  air  =  50  cat.  per  gram. 

27.  Draw  on  accurate  cross-section  paper  the  vapor  tension  cune  for 
water  and  determine  from  the  curve  at  what  temperature  water  would 
boll  under  a  pressure  of  (a)  10  cm.  of  mercury,  (6)  40  cm.  of  mercury, 
(c)  two  atmospheres. 

28.  What  is  the  relative  humidity  of  air  at  zo°  if  the  dew  point  is  found 
to  be   10'? 

20.  How  much  work  would  be  performed  if  Ihe  total  heat  of  combus- 
tion of  one  kilogram  of  nrlhracile  couid  be  transformed  into  work  ? 

30.  The  Niagara  falls  are  i6d  feel  high.  How  much  warmer  should 
rhe  water  be  at  the  foot  of  the  fails  than  at  the  top? 

31.  When  a  street  car  weighing  4000  kilograms  and  having  a  speed  of 
ao  kilometers  per  hour  is  slopped  by  the  brakes  how  much  heal  is  pro- 
duced? 

32.  What  must  be  the  speed  of  a  lead  bullet  if  on  striking  a  target  i(» 
tempcralure  is  raised  from  17°  to  the  melting  point  ?  Assume  that  all  heat 
produced  serves  lo  heat  the  bullet. 

33.  How  much  external  work  is  done  by  i  kilogram  of  water  when  it 
freezes  at  o'  under  atmospheric  pressure?  What  would  be  the  heal  of 
fusion  of  water  if  this  amount  of  energy  were  not  included? 

34.  How  much  external  work  is  done  by  the  transformation  at  100*  of 
I  kilogram  of  water  to  tteam?    How  Urge  would  the  heat  of  viporicition 
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0^  water  be  if  this  amount  of  energy  were  not  inchided  (internal  heat  of 
vsporiation)  ? 

%•  500  cc  of  air  at  o*  and  under  atmoq>heric  pressure  is  shut  off  in 
^  c^fioder  by  a  frictionless  fnston.  How  much  external  work  is  done 
^  tht  air,  considering  it  as  a  perfect  gas,  when  it  is  heated  to  100^,  and 
liow  much  heat  must  be  supplied  for  this  purpose  ? 

%  Plot  Camofs  cjrde  with  entropy  as  abscissae  and  thermodynamic 
^peratnre  as  ordinates.  DeriTC  from  the  diagram  the  expression  for 
^t  efficiency  of  Catfuot's  cycle. 


WAVE    MOTIOK. 

By  William  Hallock,  Ph.D., 

^r  of  Physics  in  Ike  Columbia  University.  New  York,  AT.  Y. 

VkTGB  in  QeneraL     A  disturbance  of  the  surface  of  still 

results  in  the  formation  of  waves,  which  are  propagated 

liderable  distances,  while  the  individual  particles  of  the  water 

but  a  little  distance  from  their  positions  of  rest.     In  deep 

the  velocity  of  propagation  depends  only  on  the  wave  length 

■  is  equal  to  \/gX/2ir,  whereas  in  shallow  water  the  depth  is  the 

nirolling  factor,  the  velocity  being  equal  to  \/gd  where  d  is  the 

plh  ot  the  liquid.     In  both  cases  the  propagation  of  the  motion 

due  to  the  fact  that  the  surface  of  water  always  tends  to  become 

ital    (§  188)   and  when  it  is  disturbed   from  this  position, 

parts  being  elevated  and  other  parts  depressed,  the  force 

ivity  tends  to  restore  the  cquiUbrium  configtJ ration,    Without 

a  restoring  force  a  temporary  distortion  would  remain  per- 

lUy  where  it  was  produced,  there  would  be  no  vibration  and 

ion  would  be  handed  on.    We  may  also  look  at  the  matter 

the  point  of  view  of  energy.    A  disturbance  of  the  water  from 

llprizontal  means  an  increase  of  potential  energy  (g  188)  ;  but, 

!  the  potential  energy   continually    tends  to  diminish   to  the 

amount  possible  tmder  the  circumstances  (§  107),  vibrations 

let  up  and  are  propagated  outward  from  the  place  of  the 

nal  disturbance. 

"he  restoring  force  and  the  increase  of  potential  energy  would 

iously  be  less  if  the  air  above  the  water  were  replaced  by  a 

lium  of  more  nearly  the  same  density  as  water   (f.  g.,  oil). 

fce  the  vibrations  would  be  slower  and  the  rate  of  propagation 

The  motion  of  vibration  set  up  by  disturbance  will 

pase  be  opposed  by  the  internal  friction  or  viscosity  of  the 

and  the  medium  above  it    Thus  the  motion  will  gradually  be 

ted  down  into  heat  or  the  oscillations  will  be  "  damped." 

Ibiin  phenometia  of  wave  motion  may  be  well  shown  in  a  trough  (Fig. 

About    100  X  JO  X  5   cms.,    mlh    glass    endt    anil    sidea.     Filling 
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trough  to  the  level  HG  with  water  and  puttiiig  therenpon  a  layer  to  AC  of 
kerosene,  and  starting  motions  on  the  boundary  surface  by  the  rod  ind 
plate  I,  it  found  that  trains  of  waves  travel  from  one  end  to  the  other. 
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Fic.  17a. 


These  boundary  surface  waves  move  very  slowly  as  the  differences  of 
density  are  slight,  and  one  may  observe  the  peculiarities  easily.  If  the 
water  is  replaced  by  a  viscous  solution  and  the  kerosene  by  a  heavy  oil,  it 
will  be  found  that  the  wave  motion  and  the  motion  of  the  source  soon  die 
out. 

When  it  was  found  that  such  disturbances  as  sound,  light,  etc., 
were  essentially  analogous  to  water  waves  in  their  mechanical 
characteristics,  the  term  "wave"  was  extended  to  include  such 
disturbances.    In  such  waves  gravity  plays  no  part;  the  restoring 
forces  are  those  of  elasticity.     Hence  any  disturbance  which  is 
not  opposed  by  dastic  resistance  will  not  be  handed  on.    For  ex- 
ample, a  shear  (§  165)  or  change  of  shape  of  a  fluid  cannot  give 
rise  to  an  elastic  wave,  since  the  shear-modulus  of  a  fluid  is  zero 
(§  182) ;  but  a  compression  or  rarefaction  of  a  fluid  is  opposed  by 
an  elastic  resistance,  determined  by  the  bulk-modulus  (§  169),  and 
such  a  disturbance  is  propagated  as  an  elastic  wave  of  compression 
or  rarefaction.    As  the  simplest  case  of  an  elastic  wave  we  shall 
consider  first  distortions  of  the  nature  of  shearing  or  change  of 
shape  in  a  solid. 

887.  Transverse  Waves  in  Solid.  A  particle  of  matter  in  an 
elastic  solid  has  a  certain  more  or  less  fixed  position  of  eqtiilibrium, 
determined  by  the  forces  of  elasticity  between  itself  and  its  neigh- 
bors. If  it  is  suddenly  moved  out  of  this  position  it  will  disturb 
the  equilibrium  of  the  particles  adjacent  to  it,  and  their  motions 
will  affect  particles  still  more  remote,  and  so  on.  The  forces  of 
elasticity  are  proportional  to  the  displacement,  and,  since  this  is 
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une  of  the  conditions  of  simple  harmonic  motion,  it  follows  that 
the  vibrations  of  a  particle  when  displaced  and  set  free  are  simple 
harmonic  vibrations  (giia). 

Consider  a  line  of  particles  a  lo  s.  Fig.  173-4,  elastically  con- 
nected, such  as  a  line  of  balls  connected  by  light  springs  or  an 
clastic  cord.  If  a  be  moved  to  a'  then  b  will  be  disturbed  towards 
f,  etc.,  and  a  downward  displacement  will  travel  towards  s.  If 
a  be  made  to  execute  a  simple  harmonic  motion  between  a  and  a' 


ahe     «  h  k    ma     q  t  w     t 
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then  b  will  vibrate  similarly  between  b  and  b'  and  so  on  along  the 
line.  Since  a  must  start  before  a  force  is  exerted  upon  b,  it  follows 
thai  the  motion  of  b  will  always  lag  a  little  behind  that  of  a,  and 
r  liebind  that  of  b,  and  so  on.  Thus  the  particles  will  after  some 
lime  be  found  to  be  spread  out  so  as  to  form  a  wavy  curve.  When 
it  is  remembered  that  the  disturbance  travels  from  left  to  right 
with  a  velocity  y,  the  appropriateness  of  the  term  "wave"  in  this 
connection  is  apparent.  The  maximum  displacement,  a,  of  any 
particle  is  called  the  ampHlude  of  the  wave  (g  no)  and  the  dis- 
tance from  any  point  to  the  next  in  the  same  phase  (§  ii6)  is 
caOcd  the  wave  length,  X,  f.  g..  the  distance  from  a  to  m,  or  from 
I  to  I.    It  is  evident  that  \  is  the  distance  the  waves  travel  during 
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of  Mch  a  wave  are  shown  in  Fig.  173C,  where,  for  clearocss, 
hivt  in  the  lower  line  shown  the  particles  before  the  vibrations 
t^n,  while  the  upper  line  represents  their  position  after  a  has 
completed  somewhat  more  than  two  vibrations,  the  two  positions 
of  each  particle  being  connected  by  a  dotted  line.  The  amplitude 
of  ihe  vibration  in  the  case  shown  has  been  taken  as  a/3,  or  half 
lliat  of  the  transverse  wave  represented  in  B. 

Owing  to  the  identity  of  the  governing  equation  and  the  incon- 
wiienee  of  graphically  drawing  such  waves  as  Fig.  173C,  it  is 
customary  to  agree  to  represent  them  by  a  continuous  sine  curve 
such  as  B,  that  is  to  say,  any  displacement  along  the  direction  of 
iiolion  of  the  wave  is  represented  by  an  ordinate  or  line  pcrpen- 
(linilar  to  that  direction.  In  B.  Fig.  173,  considered  as  a  repre- 
wilation  of  C,  a  positive  (or  upward-drawn)  ordinate  represents  a 
iSsplacement  toward  the  right :  e.  g.,  the  displacements  of  the  par- 
tides  from  i  to  m  are  toward  the  right  and  are  represented  by 
positive  ordinates,  while  those  of  the  particles  from  c  to  g  are 
fcpresented  by  negative  ordinates. 

Compressions  and  rarefactions  accompany  a  longitudinal  wave. 
Tile  particles,  b,  n.  and  s  arc,  for  the  moment,  in  their  undisturbed 
positions,  but  a  and  c  are  displaced  toward  b,  causing  a  compres- 
'Mn,  and  the  same  is  true  at  m  and  s.  The  particles  h  and  I  are 
llso  in  their  undisturbed  positions,  but  the  particles  on  either  side 
of  them  are  displaced  away  from  them,  so  that  h  and  (  are  the 
Wiiers  of  rarefactions.  Thus  the  ascending  half  of  B  ref-resents  a 
fVrefaclion  while  Ike  descending  half  represents  a  compression 
vken  viewed  in  the  direction  of  motion  of  Ihe  wave. 

339.  Simple  Harmonic  Motions  sbt  Bight  Angles.  Thus  far  we 
We  considered  only  the  simplest  possible  form  of  wave,  namely, 
flie  simple  harmonic  wave,  or  the  wave  in  which  the  motion  of 
«ach  particle  is  a  simple  harmonic  motion.  Before  taking  up  more 
complex  waves  we  must  consider  the  motion  of  a  point  which  has 
)r  more  simple  harmonic  motions  simultaneously.  A  scries 
of  interesting  results  are  obtained  by  combining  two  harmonic 
motions  at  right  angles  to  each  other  with  different  phase  relations 
and  different  periods. 
'    Tbe  Kcnenl  eqaalioni  of  the  two  mntiont  ar« 
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From  theae  cquitioiu  we  cm  eliminate  t  and  m  get  a  relation  betweea 
r  and  y  thai  indicatei  the  form  of  the  resultant  path.  This  is  caaily  done  is 
certain  simple  cases,  some  of  which  are  stated  below,  bnt  we  shall  leave 
it  as  an  exercise  for  the  student.     (See  Problems.) 

The  results  are  shown  in  Fig.  174.    The  upper  line  of  curves 

»=o      t='/sT   a-VtT  i^VtT  i--'/tT 
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shows  various  cases  of  the  motion  of  a  point  which  has  two  simple 
harmonic  motions  of  the  same  period,  T,  one  being  horizontal  and 
the  other  vertical.  The  value  of  8  indicates  how  much  one  com- 
ponent is  ahead  of  the  other  in  phase.  When  there  is  no  difference 
of  phase  the  two  motions  agree  at  the  center  and  the  resultant 
is  a  straight  line  (o).  When  they  are  in  opposite  phase  or  differ 
by  half  a  period  the  resultant  is  also  a  straight  line  (7)  inclined 
in  the  opposite  direction.    For  other  differences  of  phase  the  path 
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IS  an  ellipse,  which  becomes  3  circle  if  the  phaje  d;f:ertr.;c  1=  1'  4 
ud  the  amplitudes  zre  «qiuL  (Sec  also  (  70.)  The  otfacr  pans 
of  Fig.  174  show  tbe  cnma  that  result  when  the  cmipoiMnts  tuve 
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''^fiods  2s  1:2,  1:3  and  2:3;  the  values  of  S  indicate  tbe  pha" 
**'  Ik  faster,  when  the  (Atase  of  the  slower  is  zero. 

"^itat  curves  maj  be  cooTcnieatly  illastrated  by  a  double  pen 
4»iam  as  in  Fig.  175.  Tbe  effective  length  for  vibrations 
PW  of  tbe  paper  is  PB,  at  rigfat  angles  thereto  it  is  the  per- 
PCDdicnlar,  QC,  fnm  Q  to  the  line  AB.    In  other  words 


the 
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These  curves  are  known  as  Lissajou/  figuret.  They  are  also 
shown  by  a  series  of  rods  of  rectangular  cross-sections,  of  dimen- 
sims  a^Cb  »o  adjusted  as  to  give  the  desired  ratio  of  vibration  in 
the  plane  a  to  vibration  in  the  plane  b  (Fig.  176).  A  bright  knob 
placed  <m  the  end  of  each  shows  a  point  of  light,  and  persistence 
of  vision  canses  one  to  see  the  complete  curve.  If,  however,  the 
theoretical  ratio  of  the  periods  is  not  exactly  rqtrodoced  in  experi- 
ment, the  mode  of  vibration  will  gradually  drift  through  the 
forms  shown  by  one  of  the  horizontal  series  in  Fig.  174.    For  ex- 
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ample,  when  the  periods  are  approximately  equal,  motion  along 
the  line  a  of  Fig.  174  gradually  opens  out  into  the  ellipse  b,  passes 
into  the  ellipse  c,  into  the  ellipse  d,  narrows  down  to  the  other 
line  e,  and  similarly  back  again.  When  the  amplitudes  are  also 
equal  the  ellipse  c  becomes  a  circle. 

3W.  Wator  Waves.  An  interesting  case  of  the  preceding  is 
shown  V  waves  on  the  surface  of  the  water,  one  component  being 
transverse  and  the  other  longitudinal.  The  periods  are  equal  but 
one  motion  is  a  quarter  of  a  period  ahead  of  the  other  in  phase. 

Assuming  that  the  longitudinal  motion  starts  a  quarter  of  a 
cycle  or  T/4  after  the  other  and  that  the  velocity,  F,  is  the  same 
for  both,  it  is  evident  that  each  particle  will  move  in  an  elliptical 
orbit  with  axes  vertical  and  horizontal  as  represented  in  Fig.  174c, 

Since  the  components  differ  in  phase  by  a  quarter  of  a  period, 
the  maximum  displacement  downward,  that  of  e  in  B,  will  coincide 
with  zero  displacement  horizontally,  that  of  h  in  C.  The  particle  in 
this  condition  is  P  in  D.  From  this  it  will  be  readily  seen  how 
the  displacement  of  the  other  particles  in  D  are  found  by  com- 
pounding the  corresponding  displacements  in  B  and  C.  (The 
amplitudes  of  the  horizontal  simple  harmonic  motion  is  one-half 
that  of  the  vertical.)  It  will  be  noticed  that  the  wave  is  not 
symmetrical,  the  crest  being  sharp  and  the  trough  flat.  The  small 
arrows  indicate  the  motion  of  a  particle  of  the  surface,  and  it  will 
be  seen  that  a  particle  in  the  crest  is  actually  moving  forward, 
and  one  in  the  trough  backward;  each  particle  goes  around  its 
elltplical  path  clockwise  when  the  wave  motion  is  from  left  to 
right.  When  the  waves  are  on  very  deep  water  the  motion  of  each 
particle  is  circular  but  it  is  elliptical  when  the  depth  is  not  very 
great  compared  with  the  wave-length. 

Particles  deep  beneath  the  surface  also  perform  rotations  similar 
to  those  on  the  surface,  but  the  amplitudes  of  the  components 
diminish  rapidly  as  the  depth  increases.  At  a  depth  equal  to  the 
wave  length  the  amplitude  of  the  motion  is  less  than  one  five- 
hundredth  of  that  at  the  surface.  Hence  ocean  waves  produce 
very  little  disturbance  at  great  depths. 

Sil.  SnrfKe-Teuion  Wavoa.  When  waves  upon  the  surface  of 
a  liquid  become  very  short,  a  few  mms.  in  length,  the  force  on 
which  the  motion  chiefly  depends  is  no  longer  gravity,  but  the 
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tcnskm  of  the  sorface  film.  The  velocity  and  wave  lengths  of 
SQcli  wivc  motion  have  be«n  used  to  determine  the  magmiude  of 
the  suriace-tension  of  the  liquid.  The  propagaiioo  of  waves  of 
KWKwhal  greater  length  depends  partly  00  gra^-ity  and  partly  00 
sorfjce-tension,  and  the  velocity  can  be  shown  to  be  for  any  wave 
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'*bere  T  is  the  surface  tension  and  p  the  density.  ^^M 

ML  Addition  of  Simple  Harmonic  Hotion  is  tha  Suna  Una.  '^^ 
piTtide  may  have  two  or  more  simple  harmoDic  motions  in  the 
lUDC  line  and  the  resultant  of  these  we  shall  call  a  complex  har- 
"WDie  motion.  A  very  simple  illustration  is  afforded  by  a  com- 
pla  pendulum,  that  is,  a  pendulum  from  the  bob  of  which  another 
pnnjuium  is  suspended.  \\*hen  both  pendulums  are  set  vibratiog 
"1  the  same  vertical  plane,  the  bob  of  the  lower  has  two  simple 
''^onic  motions  simultaneoulsy.  In  fact,  a  third  pendulum  may 
"^  added,  and  so  a  third  component  obtained,  and  so  on.  (The 
periods  of  the  components  cannot  be  calculated  at  once  from  the 
'^'igths  of  the  indvidual  pendulums,  since  they  react  on  one 
•nodier.) 

Tbc  simplest  way  to  find  the  resultant  in  such  a  case  as  the 
sfcove  is  lo  consider  each  simple  harmonic  motion  as  the  projection 

of  a  circular  motion   (g  114).     Suppose  X'OX  to  be  the  line  on 

thich    the    vibrations    take 

place.    Let  Oa  and  Ob  be,  at 

any  moment,  the  component 

displacements,  and  let  A  and 

B     be      the     corresponding 

paints  in  the  allied  circular 

motions.    Complete  the  paral- 
lelogram OACB  and  let  c  be 

the  projection  of  C.     Since 

be  and  Oa  are  equal,  Oc  is 

equal  to  the  algebraic  sum  of  Oa  and  Ob.     Hence  Oc  is  the  re- 
sultant displacement  at  the  moment  considered. 

If,  now,  the  component  vibrations  have  the  same  period,  A  and 

B  will  rotate  with  equal  angular  velocities.     Hence  C  will  also 


292  WAVE   HOTUm. 

rotate  in  a  circle  at  the  same  rate;.  Hence  the  motion  of  c  is  a 
simple  harmonic  motion  of  the  same  period  u  the  components. 
The  phase  of  the  motion  of  c,  that  is,  the  an^  cOC,  is  inter- 
mediate between  the  phases,  aOA  and  bOB,  of  the  component!: 
and,  if  A  is  the  amplitude  of  the  resultant  motion  and  a,  and  a, 
those  of  the  components,  it  is  evident,  from  the  parallclc^ram 
OACB,  that 

K*  ^  ^'  +  o,'  +  30,^  cos  a 

where  a  is  the  difference  of  phase  of  the  components,  that  is,  the 
angle  AOB. 

But  if  the  components  be  of  unequal  periods,  A  and  B  wfll  ro- 
tate with  different  angular  velocities.  Hence  C  will  have  a  spiral 
motion  and  the  motion  of  c  will  not  be  a  simple  harmonic  motion. 
It  will,  however,  be  a  periodic  motion,  which  will  go  through  a  com- 
plete cycle  in  the  time  required  for  one  of  the  components  to  gain 
one  vibration  on  the  other. 

The  cxprcssioDi  for  the  two  componentt  nuy  be  wrjtteti  like  tboae  of 
{  339,  but  it  is  more  convement  to  replace  i/Tx  and  i/Ti  by  the  frequendet. 
Suppose,  for  convenience,  that  the  frequency  of  the  slower  component  If 
N  while  that  of  the  faster  a  N  +  n,  where  »  is  the  difference  of  the  fre- 
quenciea.  We  thall  consider  only  the  cue  in  which  the  amplitudes  are 
equal,  and  we  shall  suppose  that  bolb  motions  start  together  when  t  =  o. 
Then  if  X  is  the  resultant  displacement 

X  =  o  sin  xwNt  +  a  sin  a*(W  +  ■)( 
=  (2a  CDS  3rnt)  .  dn  a-r{N  +  n/a)l. 

Thus  the  resultant  motion  differs  from  simple  barmonic  in  having  s 
variable  amplitude  (aa  cos  awnt),  that  is,  the  amplitude  varia  bannonicsUy 
from  +  xa  lo  —  la,  the  frequency  of  the  variation  being  n  or  the  dif- 
ference of  the  frequencies  of  the  components. 

3i3.  Xntarfeience  between  Waves.  When  two  systems  of  waves 
exist  together  in  the  same  part  of  a  medium,  the  effect  produced 
is  called  interference.  Thus  when  two  stones  are  dropped  into  a 
pond  at  different  points,  the  resulting  trains  of  waves  meet  and 
cross.  At  any  moment  the  resultant  displacement  at  any  point  is 
the  algebraic  sum  of  the  separate  displacements  (provided  they  be 
small  compared  with  the  wave-lengths).  If  the  waves  be  waves 
of  simple  harmonic  vibrations  in  the  same  direction  («.  g.,  vertical 
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or  horizontal),  each  point  will  have  the  sum  of  two  or  more 
simple  harmonic  vibrations  in  the  same  line.  If  further  the  waves 
are  of  the  same  length  and  travel  with  the  same  velocity,  the  com- 
ponent vibrations  of  a  point  will  be  of  the  same  period,  and  the 
resultant  will,  therefore,  be  a.  simple  harmonic  motion;  but,  if  the 
wave-lengths  be  unequal,  the  resultant  will  be  a  periodic  non-har- 
monic vibration. 
The  simplest  case  is  when  the  waves  are  of  the  same  length  and 
ivel  in  the  same  line.  Fig.  178a  shows  three  such  cases.  In  each 
ease  the  resultant  wave  is  simple  harmonic.  The  waves  repre- 
ccnled  may  be  either  transverse  or  longitudinal,  but  in  the  latter 
case  each  curve  is  merely  a  conventional  representation  of  the 
wave  (§338).  Whatever  the  nature  of  the  wave,  we  shall  speak 
of  the  part  of  the  wave  where  the  displacement  is  a  positive  maxi- 
mum as  a  crest,  and  that  where  it  is  a  negative  maximum  as  a 
trough.    In  Fig.  1780,  A  shows  the  result  when  crest  falls  on  crest; 


K 


C  when  crest  falls  on  trough  and  B  when  crest  falls  midway  be- 
tween crest  and  trough.  Each  curve  may  also  be  regarded  as  a 
graphical  representation  of  the  simple  harmonic  motion  of  a  point 
in  the  medium,  showing  at  a  glance  the  displacements  of  the  par- 
ticle after  successive  equal  fractions  of  the  period  have  elapsed. 
Fig.  178^  shows  the  interference  of  two  trains  of  waves  of  like 
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displacement  traveling  in  the  same 
line  and  with  lengths  as  2:  i.  The 
forai  of  tile  resultant  wave  depends 
on  the  phase  relations,  as  shown  hyA, 
B  and  C.  Fig.  179  shows  one  case 
Fio.  179.  when  the  wave  lei^hs  are  aa  3:1. 

When  one  wave  length  is  not  an 
exact  multiple  of  the  other  results  of  still  greater  complexity  are 
obtained.  If  the  wave  lengths  are  commensurable  a  definite  wave- 
form results  and  the  motion  of  each  point  is  periodic  but 
not  harmonic.    In  Fig.  180  we  have  the  effect  of  superposing 


two  trains  of  wave  lengths  as  4:3.  It  also  represents  graphical]/ 
the  addition  of  two  simple  harmonic  motions  with  periods  as  3 : 4. 
The  motion  swells  out  to  a  maximum  and  dies  down  to  a  mini- 
mum while  one  motion  completes  one  more  vibration  than  the  other. 
341.  Fourier's  Theorem.  The  variety  of  wave  forms  that  can 
be  obtained  by  adding  simple  harmonic  waves  is  unlimited.  To 
further  illustrate  this  we  show  in  Fig.  181  a  half  wave  length  in 


sixteen  cases  of  the  composition  of  8  simple  harmonic  waves  with 
wave  lengths  as  i :  1 : }.  etc. :  \  and  amplitudes  in  the  same  ratiost 
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W  the  differences  between  the  different  curves  being  due  to  the  dif- 
ferent phase  relations  of  the  components.     In  fact,  by  keeping  to 

wave  lengths  in  the  ratios  i :  ^ :  J,  etc..  and  properly  choosing  the 
amplitudes  and  phase  relations,  any  imaginable  periodic  curve  may 
be  built  up,  and,  conversely,  it  may  be  resolved  into  such  compo- 
nents (provided  it  has  no  infinite  branch  and  does  not  turn  hack  on 
itself,  so  as  to  have  two  values  of  the  ordinate  for  one  of  the 
abscissa).  Since  a  periodic  curve  may  be  regarded  as  a  repre- 
sentation of  a  periodic  motion,  any  periodic  motion  of  period  T 
COM  be  resolved  into  simple  harmonic  motion  with  periods  T,  T/2, 
T/3,  etc. 

346.  Beflection  of  Waves.  When  a  train  of  waves  encounters  a 
different  scl  of  conditions,  e.  g.,  when  waves  on  a  string  come  to 
the  end  of  the  string,  the  waves  are  reflected  and  there  are  then 
two  trains  of  waves  traversing  the  medium  in  opposite  directions. 
Whenever  this  reflection  takes  place  upon  a  medium  whose  par- 
ticles are  less  free  to  move  a  crest  is  reflected  as  a  trough  and 
rice  versa.  A  single  downward  impulse,  as  indicated  in  Fig.  ly^A, 
would  be  reflected  from  z,  supposed  fixed,  as  an  upward  impulse. 
If  a  length  of  rubber  tubing  be  suspended  and  held  tense,  and  a 

idden  blow  be  given  it  toward  the  right,  near  its  lower  end,  a 
ferest  will  travel  to  the  point  of  support  on  the  right  of  the  tube, 
nd  upon  reflection  at  the  top  it  will  return  as  a  crest  upon  the  left 
It  will  then  be  reflected  from  the  lower  fixed  end  as  a  crest 

>  the  right  again.     One  way  of  explaining  this  in  the  case  of 
msvcrse  vibrations  is  to  consider  the  reaction  which  s  exerts 

n  the  particle  y  which  is  connected  elastically  to  it.  For  the  im- 
pulse that  y  imparts  to  a  is  a  downward  jerk,  and  s  being  fixed 
imparts  an  upward  jerk  to  y.    Another  way  of  looking  at  the  cjues- 


1  tells  us  the  nature  of  the  reflection  more  fully.    Let  AB  (Fig. 
la)  be  a  wave  of  any  fonn  that  reaches  the  fixed  point  s.    A  wave 
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of  some  kind  is,  we  know,  reflected  and  it  evidently  must  be  such 
that,  if  it  came  in  the  opposite  direction  from  beyond  s,  the  eSect 
of  the  two  waves  would  be  to  keep  z  continually  at  rest.  Thus  the 
reflected  wave,  B'A',  must  be  precisely  similar  to  AB  only  inveitol 
vertically  as  well  as  perverted  horizontally,*  This  explanation  is 
most  easily  understood  in  the  case  of  transverse  waves,  but  it 
applies  equally  to  longitudinal  waves  represented  by  the  curve  A& 
{§338),  when  such  waves  come  to  a  fixed  point 

Suppose  now  that  a  wave  motion  in  any  medium  comes  to 
a  part  of  the  medium  where  there  is  greater  freedom  of  motion, 
or  to  another  medium  in  which  the  freedom  of  motion  Is  greater. 
In  this  case  the  displacement  in  the  reflected  wave  will  be  tn  the 
same  direction  as  the  corresponding  displacement  in  the  direct 
wave.  We  may  illustrate  this  by  the  tube  referred  lo  above. 
If  the  lower  end  of  the  tube  is  set  free  while  the  impulse  is  near 
the  top,  then  the  crest  to  left  returning  to  the  lower  free  end  will 
now  be  reflected  as  a  crest  to  left  again.  If  in  Fig.  1/3-4  we 
imagine  that  the  line  of  elasticatly-connected  particles  stops  at  » 
so  that  z  is  connected  to  one  particle  instead  of  two,  it  is  evideflt 
that  an  impulse  imparted  to  s  will  carry  it  twice  as  far  in  the  same 
direction.  Hence,  before  coming  to  rest,  s  will,  by  its  inertia,  give 
y  an  impulse  in  this  same  direction  and  so  start  a  wave  of  liki 
displacement  back  towards  a  We  may  also  explain  the  effect  by 
the  device  used  in  the  case  when  s  was  supposed  fixed     For  a 


direct  wave  AB  and  the  reflected  wave  B'A',  which  acts  as  if  it  ^ 
came  from  beyond  s,  together  give  e  twice  the  amplitude  that  AB  | 
alone  would  give  it.  Hence  B'A'  must  be  similar  to  AB,  only  j 
perverted  without  being  inverted. 

In  the  preceding  we  have  been  fixing  our  attention  on  the  n 
tions  of  the  various  particles.     When  the  vibrations  of  these  par-  t 

'  See  Tail's  Dynamics,  i  322. 
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ticlcs  are  longitudinal,  condensation  followed  by  rarefaction  travels 
fornird  in  the  direction  of  the  wave  motion.  The  propagation  of 
if  ttive  may  be  regarded  as  due  to  the  continual  tendency  of  the 
Mmiensed  air  at  the  front  of  the  ^vave  to  expand  forward,  while 
tkenrc&ed  air  tends  to  contract  and  thus  pass  on  a  rarefaction. 
4ltViriien  a  condensation  reaches,  a  fixed  obstacle,  it  cannot  ex- 
p9i  forward ;  hence  it  must  expand  backward ;  that  is,  a  con- 
densation is  reflected  from  a  fixed  surface  as  a  condensation  and. 
WilarSy,  a  rarefaction  is  reflected  as  a  rarefaction,  the  motion 
of  the  particles  being  in  each  case  reversed.  These  statements  are 
in  accord  with  Fig.  i&2a  considered  as  representing  longitudinal 
wiTcs,  for  evidently  the  front  of  the  direct  wave  represents  a 
CTowdiog  ofparticles  toward  the  right,  while  that  of  the  reflected 
*ive  represents  a  crowding  toward  the  left  and  so  on  for  the 
<"l«r  parts  of  the  waves. 

On  the  other  hand  a  condensation  traveling  in  a  comparatively 
confined  space,  as  in  a  tube,  and  coming  to  a  free  apace  or  open 
™i  can  expand  much  more  freely,  and  in  so  doing  it  leaves  behind 
It  i  rarefaction  that  travels  backward.  Similarly  a  rarefaction 
feichiiig  an  open  end  of  a  tube  gives  rise  to  a  condensation  Iravel- 
'"g  backward.  Hence,  at  an  open  end  of  a  tube,  a  condensation  is 
fcflected  as  a  rarefaction  and  a  rarefaction  as  a  condensation. 
Tlicse  statements  also  follow  from  a  study  of  Fig,  182ft.  The 
^me  statements  apply,  of  course,  to  condensations  and  rarefactions 
"'  liqaids  and  solids. 

316.  Stationary  Waves.     If  instead  of  a  single   wave  as   in 

%  1820  we  have  a  train  of  waves  each  of  length  A  and  traveling 

toward  the  fixed  point  s,  each  wave  will  by  reflection  give  rise  to  a 

Wave  like  B'A'  moving  in  the  opposite  direction.    Since  AB  and 

S'A'  by  llicir  combined  action  leave  e  at  rest  it  is  evident  that 

When  B'A'  meets  the  second  wave  in  the  train,  which  comes  after 

AB,  another  point,  N„  will  be  reduced  to  rest     Since  when  0 

and  B'  meet  at  s,  the  beginning  of  the  second  wave  is  at  ^  at  a 

N  distance  A  from  x,  it  is  evident  that  iV,  is  A/2  from  e.     At  the 

I  meeting  of  B'A'  and  the  third  direct  wave  a  third  point.  JV',.  at  a 

|ldi5tance  A/a  from  N„  is  reduced  to  rest,  and  so  on  for  the  meeting 

lof  B'A'  and  successive  direct  waves.    The  series  of  points  N„  JV„ 

JJV„  etc.,  are  therefore  at  distances  K/2,  ax/2,  3A/2,  etc.,  respectively. 


BEFBACrlON. 
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h  neaaa  that  parttcin  Ibe  distaoco  of  which  from  the  refleetins  •nrfaec 
■1  l/i.  It,  jX/a  eic.  remain  a(  rest  mntinnallr.  while  thoK  disiant 
l>  1^/4.  elc.  exemie  a  vibratioo  with  twice  the  origiiia]  aioptiludc 
the  ta»e  of  refleclion  Tfoiii  a  rarer  medjlnn  y^j, +  j,  and  posi- 
>  of  no  ribraiion  occur  ai  dislancei  d  =  X/4.  3X/4.  j^/*.  etc  and 
ilioM  of  double   amplitude  at   d  =  o  =  JX^  X  ^jX/a,  etc 

H7.  £«fnction.  Under  certain  circumstances  the  medium 
fugh  which  waves  travel  changes  so  thai  the  waves  come  to 
ces  where  the  velocity  is  differenL  For  example,  waves  on 
tar  travel  freely  until  they  come  near  the  shore  where  their 
Wty  diminishes  owinf  to  decreased  depth  of  the  water.  That 
1  of  a  wave  that  is  nearest  the  shore  is  more  impeded  (since 
1  water  b  shallower)  than  the  more  remote  parts.  Hence  the 
Te  gradually  wheels  around  until  it  is  parallel  to  the  beach, 
is  change  of  direction  of  a  wave  when  it  passes  into  a  medium 
differeni  velocity  is  called  refraclion.  When  the  change  of  the 
iiinn  is  abrupt,  there  is  an  abrupt  change  of  direction  of  the 
«!,  and  the  waves  then  proceed  in  a  new  direction.  For  fur- 
r  information  regarding  refraction  the  reader  is  referred  to 
subject  of  Light  where  refraction  plays  a  very  important  part. 
18.  Dunped  Waves.     Waves  in  media  which  are  affected  by 


b  internal  friction  quickly  decrease  in  amplitude  and  soon 
ppear  as  indicated  in  Fig.  184.  The  law  of  decrease  is  thai 
ratio  of  any  amplitude  to  its  predecessor  is  a  constant 
5  called  the  "  damping  "  ratio.  The  logarithm  of  this 
,  log.  o„/o,.,,  is  called  the  "  logarithmic  decrement' 
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An  analogous  series  of  effect  is  obtained  if  a  source  of  waves  is 
strongly  damped.  The  vibrations  quickly  die  out  and  so,  too,  of 
necessity,  does  the  amplitude  of  the  waves  sent  out  A  pendulum 
started  in  water  will  soon  come  to  rest  and  cease  to  give  off  waves; 
its  vibrations  are  hindered  or  damped  by  the  viscosity  of  the  water. 

349.  Intensity  of  Wave  Motion.  A  body  in  vibration  has  a  cer- 
tain amount  of  energy,  and  any  form  of  wave  motion  therefore 
carries  energy  forward  from  the  source.  The  intensity  of  a  wave 
motion  may  be  defined  as  the  amount  of  energy  passing,  per  unit 
time,  through  unit  area  perpendicular  to  the  direction  of  propaga- 
tion of  the  waves.  It  has  been  shown  that  the  energy  of  a  bodj 
which  has  a  simple  harmonic  motion  (of  given  period)  is  propor- 
tional to  the  square  of  the  amplitude  (§112).  Hence  the  intensity 
of  a  wave  motion  of  specified  velocity  and  period  is  proportional 
to  the  square  of  the  amplitude. 

When  undamped  waves  start  from  a  point  and  travel  in  a  homo- 
geneous medium,  the  distance  of  the  disturbance  from  the  source 
in  any  time  is  the  same  in  all  directions,  and  the  wave-fronts 
are  spherical.    Considering  the  energy  that  starts  from  the  source 
in  a  very  short  time,  we  see  that  it  is  gradually  spread  out  into 
spherical  shells  of  increasing  area  but  of  the  same  thickness,  and, 
since  the  area  of  the  surface  of  such  a  shell  is  proportional  to 
the  square  of  its  radius,  we  see  that  the  energy  passing  per  unit 
time  through  unit  area  must  vary  inversely  as  the  square  of  the 
distance  from  the  source,  that  is,  the  intensity  of  the  spherical 
wave  motion  varies  inversely  as  the  square  of  the  distance  from 
the  source. 
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NATURE  AND  PROPAGATION  OF  SOUND. 

360.  Natore  of  Sound.  The  word  sound  is  often  used  to  desig- 
nate the  sensation  peculiar  to  (he  ear,  but,  as  used  in  Physics,  the 
word  denotes  the  air  disturbances  which  reach  the  ear  and  cause 
the  sensation.  When  an  examination  is  made  of  the  sources  of 
sound,  it  is  found  that  they  perform  elastic  vibrations  and,  there- 
fore, give  rise  to  elastic  waves  or  impulses,  which  are  transmitted 
in  all  directions  through  the  air  or  some  other  medium.  A  violin 
string,  the  air  tn  an  organ  pipe,  and  the  prongs  of  a  tuning  fork 
are  sources  of  such  elastic  vibrations.  AH  elastic  bodies  trans- 
mit sound,  and  matter  in  some  form  is  necessary  tor  its  existence 
and  transmission.  An  electric  bell  operating  in  a  vacuum  under 
the  bell  jar  of  an  air  pump  is  not  heard,  because  there  is  no  elastic 
medium  in  which  to  form  and  transmit  the  impulses. 

It  was  early  recognized  that  sound  Is  somewhat  analogous  in  its 
method  of  propagation  to  waves  on  the  surface  of  water,  and 
consequently  the  term  wave  was  applied  to  the  elastic  impulse 
which  constitutes  sound.  It  is,  however,  evident  that  sound  waves 
must  differ  from  water  waves  in  one  important  respect.  Waves 
on  the  surface  of  water  consist  of  partly  transverse  and  partly 
longitudinal  vibrations  (§340).  Now  the  elastic  waves  transmitted 
by  air  which  we  call  sound  cannot  consist  at  all  of  transverse  vibra- 
tions since  a  gas  has  a  zero  shcar-moduius  (§  182),  that  is,  it  offers 
no  restoring  resistance  of  an  elastic  nature  to  a  transverse  strain 
or  shear.  Hence  sound  must  evidently  consist  of  waves  of  longl- 
tndinal  Tibrations,  and  along  the  path  of  the  waves  the  medium  is 
alternately  condensed  and  rarefied  (§338).  This  conclusion  is 
fully  confirmed  by  observation  and  experiment, 

^  361.  Velocity  of  Propagation  in  Air.    Although  it  is  a  matter 
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of  every-day  observation  that  sound  requires  an  appreciable  time 
to  travel  from  the  source  to  the  ear,  when  they  are  separated 
by  even  a  few  hundred  jrards,  it  was  not  until  the  seventeenth 
century  that  experimental  determinations  of  this  velocity  were 
made.  Near  Amsterdam  the  Dutch  scientists,  Moll  and  Van 
Beek,  in  1823  stationed  two  cannons  on  two  hills,  each  in  plain 
view  of  observers  on  both.  The  cannons  were  fired  simultaneously 
and  the  observers  noted  the  time  which  elapsed  between  the  seeing 
of  the  flash  and  the  hearing  of  the  report  In  this  way  a  long 
series  of  determinations  was  made,  and  the  observation  of  the 
velocities  in  both  directions  tended  largely  to  eliminate  the  effect 
of  the  wind.  The  distance  between  the  stations  was  17669  meters 
and  the  average  elapsed  time  was  52.07  seconds. 

Similar  observations  were  made  in  1822  between  Villejuif  and 
Monthlery,  south  of  Paris,  with  Prony,  Arago  and  Matthieu  at  one 
station  and  Humbolt,  Gay-Lussac  and  Bouvard  at  the  other.  The 
distance  was  about  18.6  kilometer  and  the  time  of  transit  54.6 
seconds. 

In  these  and  other  determinations  it  has  been  found  that  the 
velocity  of  sound  in  any  medium  is  independent  of  the  pitch  of 
the  sound  but  depends  on  the  temperature.  We  shall  consider 
the  explanation  of  these  facts  later  (§353). 

362.  Velocity  of  Propagation  in  Water.  Colladon  and  Sturm 
in  1827  stationed  two  vessels  in  Lake  Geneva  at  a  considerable 
distance  from  each  other  and  suspended  a  bell  from  each  vessel 
so  that  it  hung  below  the  surface  of  the  water,  and  so  they  made 
a  series  of  observations  entirely  analogous  to  that  of  Moll  and  Van 
Beek.  By  this  means  the  velocity  of  sound  in  fresh  water  was 
experimentally  determined,  and  was  found  to  be  1435  meters  per 
sec.  Submerged  bells  are  now  used  very  extensively  by  vessels 
and  oflF  shore  stations  for  signalling  at  sea,  after  the  manner  of 
Colladon  and  Sturm.  The  transmission  of  signals  through  the 
water  is  found  much  more  reliable  than  that  through  the  air,  which 
latter  is  seriously  aflFected  by  weather  conditions.  Although 
special  telephone  receivers  have  been  devised  to  immerse  in  the 
ocean  and  pick  up  the  signal,  generally  the  vessel  acts  as  a 
sounding  board  and  reports  the  sound  satisfactorily.  The  ve- 
locity of  sound  in  solids  has  never  been  determined  by  this  direct 
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lod.  but  means  are  available  for  the  indirect  delerniination  of 
le  veiocity  of  sound  in  solids  (see  §  375). 
353.  Vdodtr  of  Propagation  in  Oases.  It  is  possible  to  calcu- 
late from  theoretical  considerations  tlie  velocity  of  propagation,  as 
soon  as  (he  elasticity  and  density  of  the  medium  are  known.  A 
formula  was  derived  by  Newton  for  the  propagation  of  a  sound 
wave  in  a  gas  in  terms  of  its  modulus  of  elasticity  (§223)  and 
isity,  namely 


This  formula  was,  however,  found  by  Newton  himself  to  be 
inadequate,  since  it  gave  a  result  about  20  per  cent,  smaller  than 
the  experimental  value.  The  explanation  of  the  discrepancy  was 
first  given  by  Laplace,  who  pointed  out  that  Newton  assumed  the 
temperatures  in  condensations  and  rarefactions  to  remain  consiant, 
and  hence  used  the  modulus  of  elasticity  of  a  gas  at  constant 
temperature  (§323).  In  fact,  the  lemperature  is  temporarily 
elevated  in  a  condensation  and  lowered  in  a  rarefaction,  and  the 
proper  modulus  of  elasticity  to  use  is  that  found  by  compressing 
a  gas  without  allowing  the  heat  produced  to  escape.  This  is  the 
adiaballc  modulus  (§322)  which  is  y  times  greater  than  the 
modulus  at  constant  lemperature.  y  being  the  ratio  of  the  specific 
heat  of  the  gas  at  constant  pressure  to  that  at  constant  volume. 
This  substitution  reconciles  theory  and  experiment,  and  we  shall 
therefore  use  the  formula  in  Laplace's  form  namely 


This  formula  for  gases  immediately  enables  us  to  predict  the  con- 
ditions which  affect  the  velocity  of  propagation  in  gases.  For 
example,  the  modulus  of  elasticity  of  a  gas  (at  constant  tempera- 
ture) being  equal  to  its  pressure  (§223)  and  the  pressure  being 
by  Boyle's  Law  (§221)  proportional  to  the  density,  the  velocity 
of  sound  in  3  compressed  gas  is  the  same  as  in  a  rarefied  gas  at 
the  same  temperature.  The  velocity  of  propagation  in  higher 
allitadcs  where  the  air  is  thinner  ts  (at  the  same  temperature) 
the  same  as  at  the  sea  level  where  the  air  is  more  dense.    Varia- 
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tions  in  barometric  pressure  alone  do  not  afiFect  the  velocity  of 
propagation. 

On  the  other  hand,  raising  the  temperature  of  a  gas  and 
leaving  its  pressure  constant  decreases  its  density,  while  leaving 
its  elasticity  unchanged.  Consequently  sound  will  travel  more 
rapidly  in  warm  air  than  in  cold.  If  ^  be  the  density  of  the 
gas  at  o*^  C.  and  p  its  density  at  temperature  t^  C,  since  density 
varies  inversely  as  voltmie  p^'^p  (  i +. .003665/)  (see  §236). 
Hence  the  velocity  at  f°  C.  is 
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where  p  is  the  pressure  of  the  gas  (in  dynes  per  cm'),  p^  its  density 
at  o*^  C.  and  y  the  ratio  of  the  specific  heats  of  the  gas. 

The  general  formula  also  tells  us  that  for  different  gases,  as  oxy- 
gen, hydrogen,  nitrogen,  etc.,  for  which  y  is  the  same,  the  velocity 
of  propagation  under  the  same  pressures  is  inversely  propor- 
tional to  the  square  root  of  their  density.  Thus,  for  example, 
the  velocity  in  hydrogen  is  four  times  that  in  oxygen,  and  nearly 
four  times  that  in  air,  the  densities  being  as  i :  16 :  144.  Another 
condition  which  affects  the  velocity  of  propagation  in  the  atmo- 
sphere is  the  amount  of  water  vapor  present  Since  the  density 
of  water  vapor  is  only  about  two-thirds  that  of  air,  its  presence 
tends  to  increase  the  velocity  of  propagation.  If  the  hygrrometric 
state  is  accurately  known  its  effect  upon  the  velocity  can  be  calcu- 
lated. The  fact  that  the  velocity  of  propagation  is  practically  inde- 
pendent of  the  pitch  of  the  sound,  at  least  within  wide  limits,  is 
in  accord  with  the  above  formula,  since  it  contains  no  term  de- 
pending on  the  pitch. 

Velocity  of  Sound. 

Air   333  meters  per  second 

Hydrogen    1268       "  " 

Carbonic  acid  gas 261 

Fresh  water   I43S 

Sea  water i4S4 

Mercury    1484 

Steel  4975 

Lead  «4ao 


«  M 

«  M 

«<  M 

«<  M 

«  M 

M  M 


Glass  4860 


M         M 


REFLECTION. 

Pine   wood 3300  n 

Walnut  wood  4800 

India  mbbcr 5000 


364.  Beflection.  The  redectian  of  sound  takes  place  wherever 
the  sound  waves  strike  upon  a  surface  that  is  large  in  comparison 
with  the  length  of  the  wave.  The  phenomenon  is  familiar  in  the 
case  of  the  echo,  where  the  sound  is  reflected  from  the  side  of  a 
building,  the  chff  of  a  mountain,  the  trees  al  the  edge  of  a  forest 
or  the  like.  The  laws  of  reflection  of  soimd  are  not  easily  demon- 
strable experimentally  on  account  of  the  diffraction  {§  356)  which 
practically  always  takes  place.  Nevertheless,  it  has  been  shown 
that,  particularly  with  very  short  waves,  the  angle  of  incidence  is 
equal  to  the  angle  of  reflection.  This  is  qualitatively  observed 
by  standing  perpendicularly  in  front  of  a  building  and  trying 
the  echo  tn  that  position,  and  then  moving  off  to  a  line  oblique 
to  the  surface,  when  there  will  be  comparalively  little  echo  re- 
turned to  the  observer.  The  sound  produced  by  the  discharge 
of  lightning  reflected  back  and  forth  between  the  clouds  and 
between  the  clouds  and  the  earth  constitute  the  familiar  phe- 
nomenon of  thunder.  The  reflection  of  sound  is  often  made  use 
of  to  estimate  the  distance  of  some  wall  or  cliff,  because  the 
sound  requires  a  certain  time  to  travel  from  the  observer  to  the 
cliff  and  back,  and  if  this  time  is  observed,  a  very  fair  approxi- 
mation of  the  distance  can  be  made.  Inasmuch  as  the  reflection 
of  an  elastic  impulse  takes  place  whenever  the  impulse  encounters 
a  change  in  the  elasticity  or  density  conditions  of  the  medium,  it 
follows  that  sound  waves  are  reflected,  not  only  when  they  strike 
upon  a  hard  object  when  traveling  in  the  air,  but  also  when,  travel- 
ing in  a  solid,  they  reach  the  end  of  that  medium. 

Tbe  repeated  reflections  of  sounds  from  the  waHs  of  an  auditorium. 
theater  or  church  may  produce  a  "reverberation"  which  inlFrfcm  with 
distinct  bearing,  tbougb  il  may  help  to  deliver  sound  of  greater  intensity 
lo  the  more  remote  auditors.  More  or  less  spherical  or  ellipsoidal  ceilings 
are  generaJIy  responsible  for  "  whispering  galleries  "  and  the  like.  Sabine 
has  developed  principles  which  can  be  applied  to  Ibe  design  of  a  successful 
audilorium.  To  reduce  reverberation  the  walls  should  he  covered  with 
materials  nbich  will  absorb  a  large  percentage  of  the  sound  energy  falling 
upon  them.  The  amount  and  length  of  the  reverberation  depend  only  on 
Ike  volame  of  the  audilorium,  the  nature  of  the  walls  and  the  pitch  of 
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the  note.  Sabine  found  that  wooden  or  plaster  walls  reflect  90  to  9S 
per  cent,  of  a  sound,  and  various  cloths,  hung  loose,  reflect  75  to  8$  per 
cent.  In  the  latter  case  the  waves  pass  through  the  cloth  and  are  reflected 
from  the  wall,  being  only  slightly  absorbed  by  the  doth.  Tufts  has  shown 
that  porous  fixed  partitions  transmit  sounds  in  the  same  proportion  as  they 
do  air  currents,  and  that  loose  hanging  draperies  are  moved  back  and  forth 
with  the  wave  and  really  absorb  very  little  energy. 

355.  BefractioiL  Much  that  has  been  said  with  reference  to 
the  uncertainties  in  the  quantitative  study  of  reflection  applies 
to  the  question  of  refraction  of  sotmd.  Nevertheless,  careful  ex- 
periments have  shown  that  the  refraction  of  sound  follows  laws  en- 
tirely similar  to  those  governing  the  refraction  of  light  and  other 
wave  motions  (§394).  Comparatively  few  cases  of  ordinary 
observation  illustrate  the  refraction  of  sotmd;  but  it  has  been 
observed,  particularly  at  sea,  and  was  investigated  by  Joseph  Henry 
for  the  Light  House  Board  in  i860.  It  was  shown  in  this  series 
of  experiments  that  the  sound  of  a  steam  siren  often  passed 
over  the  top  of  the  nearer  vessel  and  was  heard  distinctly  by  the 
vessel  farther  from  the  source  than  the  one  which  reported  it  as 
silent.  Apparently  the  varying  temperature  of  the  air  immediately 
over  the  water  produced  a  curved  path  in  the  propagation  of  the 
sound  which  went  completely  over  one  vessel. 

Wind  may  also  cause  a  change  in  the  direction  of  propagation  of  sound 
waves  as  shown  by  Fig.  185,  where  the  arrows  indicate  the  direction  of 
the  wind  and  the  straight  lines  represent  the  wave  fronts.  In  A  the  wind 
is  opposite  to  the  direction  in  which  the  sound  is  traveling  and,  since  the 


Fig.  185. 

wind-velocity  is  less  close  to  the  surface  of  the  earth,  the  lower  parts  of 
the  waves  travel  faster  than  the  higher  parts.  Hence  the  sound  is  de- 
flected upward  and  may  pass  over  the  head  of  an  observer.  In  B  where 
the  wind  is  in  the  direction  of  the  propagation  of  the  sound  the  waves  are 
deflected  downward. 


366,  DiffrftctioiL  This  is  the  term  given  to  the  pher 
observed  when  waves  do  not  confine  their  path  of  propagation 
to  straight  lines  but  bend  around  obstacles.  In  fact,  the  presence 
of  diffraction  in  sound  usually  conceals  the  phenomena  of  reflec- 
tion and  refraction.  Whereas  we  are  unable  to  see  around  a 
comer,  we  are  able  to  hear  around  one  with  almost  undiminished 
ease.  The  prominence  of  diffraction  in  sound  observations  is  due 
to  the  fact  that  the  waves  of  sound  are  usually  comparable  in 
size  with  the  objects  which  they  encounter,  A  very  large  obstacle 
such  as  a  hill  has  sometimes  been  observed  to  cast  a  comparatively 
sharp  shadow  of  a  loud  sound  (such  as  an  explosion)  when  the 
(rfiscrver  was  at  a  considerable  distance  from  the  obstacle.  In 
fact,  light  waves  and  sound  waves  show  very  similar  amounts  of 
diffraction,  when  the  sizes  of  the  obstacles  and  the  distances  of 
observation  are  in  proportion  to  the  lengths  of  the  respective  waves. 


LOUDNESS,  PITCH  AND  QUALITY. 

367.  Unslcal  Bounds  and  Noises.  Under  the  name  of  noises  are 
classed  all  those  sounds  which  are  too  brief  or  too  irregular  to  have 
any  assignable  pitch.  Sounds  that  continue  uniform  for  an  ap- 
preciable length  and  have  an  assignable  pitch  are  called  "  musical." 

Musical  sounds  differ  from  one  another  in  three  essential  fac- 
tors, namely,  londnees  or  amount  of  sound;  pitch,  that  is,  highness 
or  lowness  of  tone;  and  dnaJity,  or  character  of  sound,  e.  g..  the 
sound  of  a  piano,  of  a  violin  and  of  the  human  voice  differ  in 
quality,  although  they  may  be  identical  in  loudness  and  pitch.  These 
three  factors  completely  define  any  sound  and  we  shall  discuss  them 
individually.  Three  factors  also  completely  define  any  wave  of  a 
given  type,  and  in  the  case  of  sound  waves  it  will  be  found  that  the 
ImCtli  corresponds  to  the  pilch,  the  ampUtnde  or  extent  of  vibra- 
tion to  loudness,  and  the  shape  of  the  wave  to  the  quality  of  the 
sound. 

S58,  Loudness.  The  least  interesting  and  important  of  the  three 
factors  determining  a  sound  is  loudness,  because  mere  loud- 
ness is  generally  a  question  of  nearness  to  the  source,  or  the 
amount  of  energy  which  is  converted  into  sound  waves.  Hence  it 
is  evident  that  the  comparative  loudness  of  two  sounds  that  are 
alilcc  in  other  respects  depends  on  the  intensity  of  the  wave-motion, 
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that  is,  on  the  square  of  the  amplitude  (S349).  Theoretically 
the  intensity  of  sound  waves  decreases  inversely  proportional 
to  the  square  of  the  distance  from  the  source,  as  in  the  case  of 
all  spherical  waves  (§349).  Nevertheless,  owing  to  the  internal 
friction  of  the  air  and  other  causes,  sound  vihratioas  are  gradually 
"  damped "  and  the  intensity  of  the  waves  at  a  distance  from  the 
source,  experimentally  determined,  falls  considerably  below  the 
theoretical  value.  (It  will  be  noticed  that  we  distinguish  between 
the  loudness  of  the  sensation  and  the  intensity  of  the  wave-motion. 
According  to  psychologists  the  relation  between  the  two  is  not 
one  of  simple  proportionality.) 

It  is  possible  to  increase  the  effective  intensity  of  sound  waves 
by  collecting  them  at  a  given  point  For  example,  a  hollow  cone 
will  intensify  by  concentrating  at  its  apex  the  waves  entering  its 
open  end.  The  ear  trumpet  is  a  familiar  example  of  such  a  de- 
vice. Conversely  a  sound  originated  in  the  apex  of  such  a  cone 
is  directed  essentially  along  the  axis  and  the  effect  at  a  distant 
point  near  the  axis  is  greatly  increased.  This  appliance  is  popu- 
larly known  as  a  megaphone. 

359.  Pitch.  The  methods  available  for  the  measurement  of  the 
rate  of  vibration  of  a  given  sound  may  be  divided  into  two  classes. 
In  the  first  the  number  of  impulses  per  second  is  measured  directly, 
and  in  the  second  the  wave  length  is  the  object  of  direct  observa- 
tion and  the  frequency  is  calculated. 

The  siren  (Fig.  186)  is  adapted  to  quantitative  as  well  as  quali- 
tative tests  of  pitch.  In  its  usual  simple  form  it  consists  of  a 
windbox  B,  a  revolving  disk  D,  and  a  counting  device  W.  E.  The 
disk  D  is  perforated  with  a  number  of  holes,  e.  g.,  16  equally  dis- 
tributed in  a  circle  around  the  axis  5*.  D  runs  very  close  to  the 
top  of  the  box  B  in  which  is  also  a  ring  of  holes  exactly  opposite  to 
those  in  D.  The  holes  in  the  two  plates  are  inclined  in  opposite  di- 
rections, as  shown  at  B,  which  is  an  enlarged  section  perpen- 
dicular to  the  radius,  and  passing  through  any  two  holes.  The 
stream  of  air  issuing  from  the  lower  hole  impinges  against  the  side 
of  the  hole  in  D  and.  issuing  therefrom,  reacts  against  D,  both  ac- 
tions tending  to  cause  D  to  rotate  about  its  axis.  As  D  moves  a 
little  the  issuing  air  is  cut  off  until  the  holes  again  come  over  each 
other,  when  another  impulse  is  given  to  D  and  another  puff  of  air 
allowed  to  escape.    Thus  the  air  furnishes  the  motive  power  as 


the  higher  the  pressure  of  air  the  faster  D  re- 
nigher  the  pitch  rises.     If  there  are  i6  holes  in 


ikntly  they  will  coincide  with  the  holes  in  B  i6  times  dur- 
sfagle  revolution,  thus  allowing  i6  consecutive  puffs  of  air 
spe. 

It   siren    is    so    adjusted    as    to    emit    a    sound    identical    in 

h  with  that  to  be  determined,  and  then  the  counting  device 

E,  is  thrown  into  action.     The  number  of  revolutions  of  the 

te  £)  in  a  period  of  several  seconds  is  observed.     Evidently  the 

indier  of  revolutions  of  D  per  second  nuilliplied  by  the  number 

3  boles  in  D,  will  give  the  number  of  air  puffs  per  second,  ».  e., 

t  frequency  of  the  vibrations  imparted  to  the  air. 


It  a  liEbt  stilus  r  Fig.  1S7,  be  attached 
■od  lamp-btadfcd  paper  be  made  la  pass 
under  ibc  slilu*  at  a  unifocin  known  velocity. 
a  wave  line  will  be  (raced  on  tbe  paper  and 
the  number  of  waves  recorded  per  sefood  will 
of  lie  fork.  This  method  may  be 
AdvaotBgecusly  used  to  compare  the  rates  of 
forica,  recording  on  the  same  paper.  In 
iform  known  velocity  is  not  ea- 
ial  since  the  ratio  of  tbe  numbers  of  the 
traced  in  any  given  inlerval  of  time  il 
ntio  of  the  laie*  of  the  forks. 


tbe  prong  of  a  tuning  fork, 
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Tlic  fork  wid  atiliia  uc  coaneetri 
1«  one  pole  of  k  batteiy  throng  P, 
and  the  dram  and  fmne  to  the  otha 
pole  thrattgh  N.  A  clock  ia  intro- 
duced into  the  drcmt  lo  u  to  itatt 
a  current  throngb  a  ipark  coil  crefT 
Kcond,  or  half  aecood,  and  a  ipatk 
ii  thiu  caueed  to  paM  from  the  iti- 
lui  to  the  drum  and  make  a  maik 
which  automatically  recordi  tbe 
qtced  of  the  drum. 

Experiments  made  by  the  above  means  show  that  the  pitcb 
of  a  note  depends  only  on  the  frequency  of  the  source.  Notes 
that  are  described  as  higher  in  pitch  have  a  greater  frequency 
than  those  described  as  lower. 

If  a  fork  emit  impulses  at  the  rate  of  h  per  second  it  will  give 
K  waves  per  second,  and  if  the  wave-length  is  A>  v^mX  (§337)' 
Hence  if  we  can  measure  A  by  some  independent  method  (§  372} 
the  value  of  »  can  be  deduced.  The  above  formula,  taken  in  con- 
nection with  the  statement  (§351)  that  the  velocity  of  soimd  in 
any  one  medium  is  independent  of  the  pitch,  forms  the  proof  of 
the  statement  made  in  §  357  that  the  pitch  of  a  musical  sound  de- 
pends on  the  wave-length;  for  evidently,  v  being  a  constant,  ti 
varies  inversely  as  A. 

360.  Dopplw  Eltwt  If  the  ear  A  is  ^noving  with  a  velocity  v* 
toward  a  source  of  sound  at  B  then  more  waves  will  reach  A  in 
each  second  than  if  A  were  stationary;  that  is,  the  pitch  on 
approaching  a  source  will  appear  higher.  The  additional  waves 
received  by  A  are  those  that  occupy  the  distance  t/  that  A  moves 
in  a  second  towards  B  and  these  are  l//A  in  number  or  t/n/v. 
Hence  the  pitch  rises  from  n  to  n(i  +  v'/v).  Similarly  it  A  a 
receding  from  B,  fewer  waves  reach  the  car  and  the  pitch  is 
lowered  to  b(i — v'/v).  Analogous  results  follow  if  A  is  sta- 
tionary and  B  is  approaching  or  receding.  This  phenomenon  is 
called  after  its  discoverer,  the  "  Doppler  effect"  It  can  be 
readily  observed  that  the  pitch  of  the  whistle  or  bell  of  a  passing 
locomotive  or  gong  of  a  trolley  car  drops  as  the  source  of  sound 
passes  the  observer  and  changes  from  approaching  to  receding. 
(A  similar  phenomenon  is  observed  in  light  waves  from  a  source 
moving  with  relation  to  the  observer.) 


I 


QUALITY.  311 

361,  Limits  of  Audibility.  Whereas  impulses  in  the  air  follow- 
ing each  oiher  less  frequently  than  10  to  15  per  seconii  in  general 
produce  the  sensation  of  distinct  puffs,  when  these  impulses  be- 
come more  frequent  they  blend  to  produce  a  steady  note,  and  as 
Uiey  become  more  and  more  rapid  the  pitch  of  the  note  becomes 
higher  and  higher  until  a  point  is  reached  where  the  ear  no 
longer  perceives  the  sound.  In  other  words,  the  frequency  may 
become  so  high  that  the  sound  is  inaudible.  This  upper  limit  is 
generally  in  the  neighborhood  of  30,000  per  second;  nevertheless, 
both  of  these  limits  vary  greatly  with  different  individuals,  as  does 
also  their  ability  to  estimate  pitch,  and  musical  interval,  throughout 
the  whole  range  of  sounds.  The  analogy  between  pitch  in  sound 
and  color  in  light  is  very  close.  The  nature  of  the  sensation  in 
both  cases  is  a  question  of  the  length  of  the  corresponding  wave. 
Just  as  the  rainbow  extends  farther  into  the  violet  or  the  red 
for  some  observers  than  for  others,  so  some  hear  higher  pitches 
and  others  lower  than  the  normal.  And,  just  as  we  have  color 
blind  people  unable  to  distinguish  between  the  different  colors  of 
the  spectrum  and  their  relations  to  each  other,  so  we  have  tone 
f  people  who  are  unable  to  estimate  musical  interval  or  re  la- 
pitch.     Most  insect  noises  are  very  high  pitched,  and  it  is 

ibable  that  some  insects  produce  sounds  that  arc  above  the 
upper  limit  of  audibility  of  man's  ear.  A  sound  of  moderate  pitch 
will  also  be  inaudible  if  the  amplitude  of  vibration  is  too  small. 
Lord  Rayleigh  has  found  that  the  lowest  audible  sound  has  an 
amplitude  of  vibration  of  the  air  particles  of  about  10"'  cm.  In 
an  extremely  loud  sound  such  as  a  steam  whistle  heard  close 
at  hand  the  amplitude  of  vibration  is  probably  less  than  one  mm. 

362.  Qnallty.  The  quality  o(  a  musical  sound  is  the  property 
that  distinguishes  two  musical  sounds  of  the  same  pilch  and  in- 
tensity which  come  from  different  sources.  The  qualities  of  the 
tone  from  a  violin,  piano,  flute,  etc.,  differ  greatly  though  they 
may  all  play  the  notes  at  the  same  pitch.  Two  human  voices  differ 
in  quality. 

Since,  as  we  have  already  seen,  the  loudness  of  a  sound  depends 
on  the  amplitude  of  the  wave  while  the  pitch  depends  on  the 
wave-length,  it  follows  that  the  third  characteristic  of  a  sound, 
quality,  must  depend  on  the  third  properly  of  waves,  namely. 
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wave-form.  Now  we  have  already  seen  that  the  fonn  of  a  wave 
(that  is  not  simple  harmonic)  depends  on  the  waves  of  higher 
frequency  that  are  combined  with  the  fimdamentaL  Hence  qiuUily 
depends  upon  the  pitch  and  relative  intensities  of  the  waves  of 
higher  frequency  which  accompany  the  fundamental.  When  the 
wave  form  is  simple  harmonic  it  gives  rise  to  the  sensation  called  a 
pure  tone,  which  the  most  musical  ear  cannot  analyze  into  con- 
stituents (a  law  discovered  by  G.  S.  Ohm).  When  the  wave  Is 
complex  harmonic  (§302)  a  well  trained  ear  can  resolve  it  into 
constituent  pure  tones,  thus  accomplishing  in  a  practical  way  what 
Fourier's  theorem  (§304)  enables  us  to  do  mathematically. 

In  one  group  of  cases  the  ear  does  not  distinguish  a  difference  of 
quality  where  there  is  a  difference  of  wave  fonn.  Since  the  ear 
is  capable  of  analyzing  a  complex  musical  sound  into  its  com- 
ponents, so  that  the  hearer  can  say  that  certain  pure  tones  are 
present,  it  is  evident  the  difference  in  two  waves  such  as  those 
in  Fig.  iy%a  or  Fig.  iy%b,  makes  no  difference  in  the  quality  of 
the  sound,  because  they  contain  the  same  elements  but  in  different 
phase  relation. 

363.  Hnaical  InterraL  Two  musical  sounds  differing  in  pitch  are 
said  to  be  separated  by  a  certain  interval.  The  human  ear  rec<^- 
nizes  certain  intervals  as  pleasing  or  harmonious;  others  as  »»- 
harmonious  or  discordant.  Since  the  very  early  days  of  Greece, 
the  interval  of  the  octave  has  been  recognized  as  the  simplest  and 
most  pleasing.  The  fifth  and  major  third  are  also  pleasing  inter- 
vals and  most  persons  after  a  little  practice  are  able  to  detect  these 
intervals  without  difficulty,  that  is,  given  any  tone,  they  can  im- 
mediately determine  the  third  or  fifth  above  it  by  the  ear.  When 
the  rates  of  vibration  of  two  tones  separated  by  the  interval  of  an 
octave  are  determined  experimentally,  it  is  found  that  the  higher 
tone  has  just  twice  as  many  vibrations  per  second  as  the  lower 
one.  No  matter  what  the  actual  number  in  either  case,  the  raiio 
of  the  two  rates  is  always  2:  i.  Similarly  the  fifth  gives  a  ratio 
of  the  component  rates  of  3:2;  the  major  third  of  5:4,  etc.  Thus 
it  is  evident  that  musical  interval  is  a  question  of  the  ratio  of  the 
rates  of  the  components  and  not  of  the  absolute  value  of  the  rates. 
In  general  the  simpler  the  ratios,  the  more  agreeable  the  intervaL 

36^  Knifcal  Scalai.    If  some  tone  be  taken  as  a  startiiig  point 
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funda.menla],  and  various  ratios  or  intervals  applied  to  it,  a 
series  of  tones  may  be  interpolated  between  that  fundamental  tone 
and  its  octave.  The  octave  thus  divided  into  more  or  less  equal 
intervals  is  called  a  scale.  If  the  usual  musical  nomenclature  is 
used  and  C  taken  as  the  fundamental,  the  interval  of  the  fifth 
gives  G;  that  of  the  major  third  gives  E;  and  so  on.  The  fol- 
lowing table  gives  the  ratio  to  the  fundamental,  as  well  as  the  ratio 
to  next  neighbor,  of  each  tone  when  the  interval  of  the  octave  is 
subdivided  in  the  customary  manner,  forming  what  is  called  the 
diatonic  scale. 


CD  E  FGAB  C 

I      9/8        5/4         4/3      3/2        5/3      ^5/8         2/1 
9/8      10/9      16/15      9/8      10/9      9/8        16/IS 


The  fundamental,  major  third,  and  fifth  constitute  what  is 
known  as  a  major  triad,  and  the  diatonic  scale  may  be  regarded 
aa  trade  up  of  three  such  triads.  Thus  starting  the  triad  on  C 
gives  C,  E  and  G,  the  triad  on  G  gives  G,  B,  D'  (where  D'  is 
in  the  next  octave),  and  finally  the  triad  on  F,  gives  F,  A,  C. 
In  each  of  these  cases  it  will  be  found  that  the  relative  rates 
of  vibration  are  4:5:6. 

The  interval  9/8  is  called  a  large,  and  ro/9  a  small  whole  tone. 
The  interval  16/15  's  called  a  half  tone,  but  this  is  larger  than  half 
"f  even  a  large  tone,  because,  taken  twice,  it  is  greater  than  9/8. 
'ti  fact  (16/15)'^  1. 1377  while  9/8^1.125,  Interjecting  tones 
midway  between  C  and  D,  D  and  E.  F  and  G,  G  and  A,  A  and 
B,  brings  the  scale  much  nearer  to  uniformity  of  small  interval 
and  makes  it  consist  of  twelve  half  tones,  which  are,  however, 
lot  all  equal.  A  scale  derived  in  this  way  is  called  a  chromatic 
wale, 

386.  Eqnid  Tempered  Scale.  The  above  scale  applied  to  instru- 
"U'nts  of  fixed  keys,  as  the  piano,  leads  to  confusion:  when  it  is 
i'ajred  to  go  from  one  key  as  the  starting  point  to  another,  the 
^^rions  irregular  intervals  will  not  occur  in  the  proper  place  in 

This  difficulty  finally  led  to  the  introduction  of  the  equal  tetn- 
P'rid  scale  where  all  the  half  tone  intervals  are  made  equal  to 


3  of 'V^-  I  OT  1.05946: 1.  This  ralio  applied  iweWe  nnW 
equals  2  to  I,  and  the  octave  is  thus  divided  into  twelve  equal  sKl* 
Of  course  this  temperament  does  not  give  true  harmony  and  it  ii 
not  customary  to  tune  a  piano  by  such  a  mathematical  ptoccK 
In  practice  the  tuner  establishes  a  number  of  notes  throughnS 
the  keyboard  and  then  proceeds  lo  "distribute  the  wolf,"  that  is, 
to  tune  the  others  in  between  so  they  will  sound  as  harmonioiu  « 
possible  when  played  in  various  keys. 

36e.  Perception  of  Sound   Dlrectloii.     The  direction   of  a  soune  «f 
sound  ia  deduced  (usually  unconsciously)   from  the  difference  of  the  eHedi 
Ht   Ihe   two   cars.      When   the  source  is  near,   its  direction  is  shown  1)J  io 
sounding  louder   lo  Ihe   nearer  ear.      When   a  distant   source  gives  1  |>iit 
lone   of   high    pilch    (.Soo    or   more)    and   short    wave-lengtb    and  is  to  fw 
right  of  Ihe  observer,  (be  head   throws  a  sound-shadow  toward  ihe  Icfi: 
and.  since  the  left  ear  is  in  the  shadow,  rl  hears  a  fainter  sound.    Tbcii 
is  no  appreciable  shadow   when   the   waves   are   long  compared  with  tht 
dimensions  of  the  head ;  but  the  phase  al  the  right  ear  is  ahead  of  tlui 
a[  the  left,  and  Lard  Rayleigh  has  shown  that  the  observer  uncons 
uses   this   difference   to   ascertain   the   position   of   the   source.    For  pmr 
tones  between  Ihe  above  limits  both  processes  play  a  part.     In  Ihe  caK 
complex   sounds,    the   relative   intensities   of   Ihe   components   at  the  1 
ears  will  be  different,  since  the   components   of  shorter  wave-length  c 
more  dislinct  shadows.     Hence  the  two  ears  will  hear  sounds  of  iliEl 
dilfcrcnl  quality.     If.  in  any  case,  the  source  is  either  directly  ahead 
behind,  the  head  will  have  to  be  turned  slightly  before  a  decision  cu 
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367.  ItiterfeTBn(»  of  Sound  Wives.  Beats.  Interference  be- 
tween two  trains  of  sound  waves  of  Ihe  same  wave-length  givw 
rise  to  places  of  no  motion  or  nodes,  and  places  of  maximum  mo- 
tion or  loops.  The  former  are  places  of  maximum  variations  of 
density,  and  an  ear  placed  at  such  a  point  would  hear  a  loud  sound, 
while  if  placed  at  an  aniinode.  where  there  is  no  variation  of 
density,  it  would  hear  no  sound.  Such  effects  are  produced  by  tbt 
waves  from  the  two  prongs  of  a  tuning  fork.  By  turning  the  fork 
around  near  the  ear,  it  is  easy  to  distinguish  places  of  no  sound 
and  places  of  loud  sound.  Similar  effects  are  sometimes  produced 
by  a  train  of  waves  reflected  from  a  wall  interfering  with  the 
direct  train,  the  source  of  th«  sound  being  an  organ  pi 
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Irterference  between  sound  waves  of  different  length  is  more 
common.  It  produces  what  are  called  beats,  that  is,  a  throbbing  of 
the  sound  as  it  swells  out  and  dies  down  alternately.  This  is  the 
effect  when  two  tuning  forks,  organ  pipes  or  whistles  of  nearly  the 
same  pilch  are  sounded  simuhancously.  ft  is  evident  (§34^)  that 
the  number  of  beats  per  second  will  be  the  difference  of  the 
frequencies  of  the  interfering  waves.  When  a  single  large  tuning 
fork  is  moved  rapidly  toward  a  wall  the  ear  hears  beats.  This  is 
explained  by  Doppler's  principle  (§360).  When  the  tuning  fork 
b  moving  away  from  the  ear  the  frequency  of  the  direct  sound 
beard  is  lowered.  The  frequency  of  the  reflected  sound  heard  is 
the  same  as  that  of  the  waves  that  fall  on  the  wall  toward  which 
the  tuning  fork  is  moving.    Hence  beats  ensue, 

368.  Oombination  Tones.  When  two  toud  sounds  of  frequencies  n 
and  n'  are  produced  simultaneously  other  tones  called  combination 
tones  are  often  heard.  One  of  these,  called  a  difference  lone,  has 
a  frequency  of  n  —  n'.  This  was  at  one  time  supposed  to  be  due 
to  beats,  and  the  following  explanation  was  given.  The  number 
of  beau  per  second  is  equal  to  the  difference  between  the  rates 
of  the  two  sources,  and  as  the  number  of  beats  increases  they 
gradually  blend  and  produce  the  sensation  of  a  tone  of  that  pitch. 
This  explanation  was,  however,  disproved  by  Helmholtz,  who 
showed  that  such  tones  are  due  to  the  fact  that,  when  the  ampli- 
tudes of  vibrations  are  comparatively  large,  we  can  no  longer 
find  the  combined  effect  by  merely  adding  them  without  consider- 
ing their  mutual  reactions.  The  same  explanation  applies  to 
other  tones  discovered  by  Helmholtz,  e.  g.,  a  summation  tone  the 
frequency  of  which  equals  (m-|-m'}. 

369.  B«soii&iice.  The  fact  that  air  spaces  respond  with  par- 
ticular emphasis  to  tones  of  certain  pitches  is  evidenced  by  the 
results  of  trying  various  tones  in  a  cave,  an  empty  room,  or  over 
the  mouth  of  a  cistern  or  similar  empty  vessel.  A  small  impulse,  if 
imparled  at  the  right  instant  and  oft  repeated,  may  result  in  very 
considerable  motion.  The  infinitesimal  impulse  imparted  to  a  pen- 
dulum by  tile  weight  or  spring  of  a  clock  would  not  move  it  ap- 
pivciably,  but  the  cumulative  effect  of  many  impulses  delivered  at 

I      the  same  frequency  as  that  of  the  vibration  of  the  pendulum  causes 
■^t  to  swing  through  a  considerable  arc.     A  person  walking  on  a 


Ifring  bMnt  ■  liorte  trotting  or  a  procession  marching  u 
"  I  nwjr  K1  it  into  dangerous  vibrations.  Figure  1&9  sT 
tMtton  oC  a  "jphcricaJ  resonator."  The  small  orifice  C  u 
p]ac«d  in  the  ear.  Any  impulse  or  1 
wave  falling  upon  the  opening  B  will  fl 
Ihe  cavity  A,  he  reflected  from  the  rear  4 
imA  return  to  the  opening  B. 
iusl  in  time  to  be  reinforced  by  i 
impulse  at  B,  the  air  comes  inti 
vil>ratton  and  the  tone  is  greatly  strengt 
or  reinforced.  This  efFect  is  produced  0 
when  the  natural  period  of  the  resonator  is 
identical  with  that  of  the  impressing  lone. 
Such  X  resonator  as  Fig.  189  is  closely  "  selec- 
liv<  "  snd  will  not  "  respond  "  to  tones  even 
•H|hl|y  rwMTCil  fram  its  own  pitch.  Such  a  resonator,  whco 
yltc<d  it  tht  Mr,  will  iktc<rt  the  presence  or  absence  of  its  tone  in 
ttn  OlWfHK  wfcich  i»  MvRklmc-  Udmholti  used  such  resonators  M 
iKaif  ^  tOMpontion  e(  complex  sounds,  especially  to  analy» 
W**)  temiit-  Krwnancv  also  plays  an  important  role  in  deter- 
mMiv  4w  V">til,v  ol  a  TOwel  as  produced  by  the  voice  (|  383). 
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SVIk  TiblMT  of  TnanWM  Wstm  ob  a  String.    The  vdodt; 

with  wMeti  «  irans\-en«  wave  tnvcis  along  a  string  depends  oo 

l)w  tnujiw  anti  nuM  ol  the  string,  not  at  all  on  the  form  of  the 

wain.     In  (art,  i(  the  tension  be  T  dynes  and  the  mass  per  anil 

ll  w  in  {.  per  cwu. 


c  tiA«.  ikd  JMt  tqMl  Ike 
>■  A*  Mbc  if  tl 
variai  Ihwtfc  At  bent  tiAc  CD  whk  a  Eatar 
TBtare  •!  CD  ai  any  poinl  milu 
TiM  inni4  pctsaon  vUck  ibH  le^tk  af  Ac 
iW  cnmri  tabe  b  eMhclr  aaalafoi  W  Ac 
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I  Kirfut  inuioii  of  ■  film  oa  a 
■  irliidnal  surface  (i  aij).  Hcacc 
I  tit  mward  pu]|  of  tbe  ilHog  on 
I  He  rat*  will  be  l-T/R.  where  J  U 
~  >n  KctioD  of  (he  tiling  con- 
.  I  ii  traTtliog  in  a  carved 
id  man  hence  exert  ■  cenirif- 
I  Bplfora  tqtui  10  /mr/R  (l<7)- 
l&VtoN  f  10  be  M  chMcn  that  (bi* 
m  Mliifqpl  force  just  baluicc*  ibc  i 
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I  Tk  hte  may  Ihea  be  removed  and  Ibe  deformadofl  of  Ifca 
■fat   Hanifetily  it  ii  immaterial  wbelher  tbe  iiriag  n«*w 
I   ''■atinufy  or  vice  vena,  their  relative  velodtj  it  f 

S7I.  TraasreiM  Vibrfttioiu  of  Stiinis.  Coniulcr  llw  notioa 
lilretched  siring  set  in  vitiralion  by  a  blow  or  Iqr  s 
1>(Dii<]dle/4fiof  lhe<;tring.  Fig.  19 1.  An  itnpulH  will  U  inpSftcd 
I  to  Ihe  string  and  this  will  travel  along  the  string  In  both  (firecfiom 
and  be  reflected  frotn  both  enda 
.  successively.  If  (he  initial  dls- 
t  placement  ti  upward  the  reflected 
ctisplacemcnis  will  be  downward 
and  will  meet  at  the  middle  of 
the  nring.  Thus  thr  ilrtng  will 
hare  completed  a  half  vttiratkin 
^  and  each  distarbancc  will  havi 
traveled  a  distance  e'jtial  to  tht 
whole  length  of  the  tiring.  The«r 
disturbance*  will  continne  lo  move 
in  their  respective  directions  and. 
after  reflections  at  the  ends  of  the  strinf^  thrjr  will  again  meet 
as  upward  displacements  at  the  middle,  when  the  string  will 
have  completed  one  vibration  and  each  disturbance  will  have  tra- 
versed the  length  of  the  string  twice. 

Now  the  length,  A.  of  a  wave  is  the  distance  the  impulse  travels 

in  one  complete  vibration.     Hence  K^=3l-     The  velocity  V  of  tbe 

■impulse  is  (S 370)  V'=\JT/m  where  T  i>  the  tension  in  dynei  and 
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m  the  mass  of  unit  leng:th  of  the  string,  and  since  V=nX  (§  337) 
where  91  is  the  number  of  vibrations  per  seccmd  it  follows  that 


Hence  the  rate  of  fundamental  vibration  of  a  stretched  string 
is: — 

(a)  Inversely  proportional  to  its  leng[th. 

(6)  Directly  proportional  to  the  square  root  of  the  tension. 

(c)  Inversely  proportional  to  the  square  root  of  the  mass  of 
the  string  per  unit  length. 

A  vibration  started  in  the  way  explained,  Ygy  a  simple  impalse,  will  soon 
die  away*  as  in  the  case  of  the  piano  string.  To  maintain  them,  succesaiTt 
impulses,  synchronous  with  these  free  vibrations  of  the  string,  most  be 
continuously  applied.  The  resined  bow  applied  to  a  violin  string  alter- 
nately impels  the  string  in  one  direction  and  allows  it  to  slip  back  in  the 
opposite  direction,  so  that  the  period  of  free  vibration  of  the  string  con- 
trols automatically  tbe  frequency  of  the  impulses.  Tbe  pitch  of  the  note 
is  varied  by  shortening  the  effective  length  of  the  string  with  the  finger. 

Such  a  string  may  also  perform  partial  vibrations,  that  is  to  say 
it  may  in  vibrating  divide  up  into  two  halves,  three  thirds  and  so 
on  as  indicated  in  the  figure.  We  may  suppose  such  vibrations  to 
l>c  pnxluccil  by  impulses  at  double,  treble,  etc.,  the  rate  of  the 
former  applicti  at  proper  points.  (A  point  of  percussion  cannot 
lH^^M«c  a  noilo.'^  Each  Wbrating  section  of  the  string  may  be 
rrganlcvl  as  a  separate  short  string,  and  to  find  the  frequency  wc 
may  apply  the  above  formula,  substituting  for  /  the  length  of  the 
|VArt :  that  is.  when  the  string  \nbrates  as  two  halves  we  substitute 
/  J  i\^T  k  when  as  three  thirds,  we  substitute  //3  for  /  and  so  on. 
Mcnoe,  if  the  frequency  of  the  vibration  of  the  string  as  a  whole 
IS  ••»  the  frequencies  of  the  partial  \nbrations  are  2n,  311,  etc.  That 
i>  to  sav  the  frrquencies  are  as  1:2:3:4,  etc. 

\\  hile  \\r  hax-e  described  these  different  modes  of  vibration  as 
takiuij  place  sejvarately,  they  may  coexist.  In  fact,  when  a  piano 
Muu|j  is  St  nick  at  any  point,  an  irregular  disturbance  is  produced, 
Vlus  uux  be  c\M\siderc\l  as  a  complex  harmonic  motion,  consisting 
of  uumetvw*  simple  hamKMiic  vibrations  of  frequencies,  as  1:2:3, 
etxv  0''*^"  *<^»^**  fh<txrfm,  $344^<  These  are  all  propagated  along 
the  Mnt\|t  in  the  manner  described  above  and  cause  simoltaneoos 
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t  with  the  frequencies  stated,  except  that  evHkally  no 
1  take  pla«e  which  reiiuircs  the  poiM  of  pemsskxi  (o 
■  node.  This  last  siatcment  enables  us  to  wMicrstand  why  the 
Uly  of  the  note  produced  b;  a  string  depends  on  the  point 
which  it  is  struck,  plucked  or  stroked,  the  most  pleasing  effect 
g  produced  when  the  point  is  cwe-cightb  of  the  lei^;th  of  the 
g  from  one  end. 

When  any  source  of  a  musical  sound,  such  as  a  siring,  pipe,  or 
s  capable  of  vibrating  continuously  tn  more  than  one  steady 
the  tone  produced  while  it  is  vibrating  in  its  slowest  and 
qilest  mode  is  called  its  fundamental,  and  the  tones  due  to  the 
es  are  called  overtODM  or  pvtuls.  If  these  Utter  have 
s  two,  three,  etc.,  times  that  of  the  iundamental,  they  are 
ltd  baimonics. 

Al  '^hrating  Colnauu  of  Air.  The  simplest  mode  of  vibra- 
■  of  a  column  of  air  in  a  pipe  ctosed  at  one  end  is  shown  (on  a 
Stif  exaggerated  scale)  in  Fig.  192,  in  which  the  spacing  of  the 
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JBbered  lines  indicate  degrees  of  condensation  or  rarefaction, 
t  air  rushes  into  the  open  end  and  compresses  itself  against 
dosed  end,  as  shown  by  a.  This  condensation  relieves  itself 
}iigh  the  open  end  and  its  inertia  carries  it  beyond  the  neutral 
dition,  b.  to  the  other  extreme  of  rarefaction  c,  and  the  opera- 
I  repeats  itself  periodically.  This  steady  state  of  vibration  of 
in  a  closed  pipe  is  diagrammatically  represented  by  a.  Fig.  193a. 
i  train  of  waves  entering  the  open  end  and  reflected  back  from 
dosed  end  combine  to  form  a  stationary  wave  system  (8346). 
in  the  simplest  case,  there  is  a  quarter  wave  length,  L, 


fclfcich,  in  the  sin: 
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velocity  of  sound.     The  outside  impulse  £  is  dissipated,  but  the 
inside  impulse  F  travels  up  tlie  pipe. 

Thus  we  have  the  condition  required  for  stationary  vibrations  in 
a  column  of  air  closed  at  one  end  as  described  in  §  372.  These  vibra- 
tions would  of  course  soon  die  away  unless  energy  were  continually 
supplied  to  make  up  for  that  lost  in  friction.  This  energy  comes 
from  the  energy  of  the  stream  of  air  directed  against  C.  The  jet 
vibrates  backward  and  forward  in  unison  with  the  vibrating  air- 
column  and  thus  continues  to  deliver  energy  to  the  vibrating  air. 

We  may  also  regard  the  pipe  as  acting  as  a  resonator  (§369)- 
The  breaking  of  the  jet  of  air  on  C  produces  a  complex  sound 
from  which  the  tube  selects  that  component  with  which  it  is  in 
unison  and  is  thereby  set  into  stationary  vibrations. 

As  staled  in  §  372,  the  wave  length  of  (he  fundamental  tone  of  the 
pipe  is  four  limes  the  length  of  the  pipe,  though  minor  influences 
prevent  this  from  being  absolutely  true.  The  pipe  may  also 
sound  in  a  steady  state  when  the  wave  length  is  (as  in  Fig.  1936 
and  c)  4/3  the  length  of  the  pipe,  4/5  the  length  and  so  on.  It  is 
thus  seen  that  the  wave  lengths  shorten  in  the  ratios  i :  1/3:  1/5, 
etc.,  and  hence  the  frequencies  of  the  harmonics  or  overtones 
produced  by  a  closed  pipe  rise  in  the  ratios  of  the  odd  number 
1:3:5,  etc.,  or  if  the  pipe  is  of  such  a  length  that  its  fundamental 
«  C  the  successive  tones  are  C.  G'.  E".  etc.  (see  §  365). 

371.  Opfla  Organ  Pipe.  The  essential  difference  between  the  open 
and  the  closed  organ  pipe  is  the  fact  that  an  impulse  traveling  in  the 
confined  space  of  the  pipe  arrives  at  an  open  end  and  finding  freer 
conditions  is  reflected  as  if  from  a  less  dense  medium.  That  is  to 
say  the  individual  displacement  in  the  incident  and  in  the  receded 
wave  are  in  the  same  direction.  Under  these  conditions  of  reflec- 
tion the  condensation  is  practically  reflected  as  a  rarefaction  and 
vice  versa  (§345).  From  d,  e,  f  of  Fig.  193  it  is  evident  that  the 
wave  length  of  the  fundamental  of  an  open  pipe  of  length  L  is  2L, 
that  of  the  first  overtone  is  2L/2,  that  of  the  second  overtone  2i./3, 
and  so  on.  Hence  the  frequencies  are  as  1:2:3,  etc.  Comparing 
open  and  closed  pipes  of  the  same  length  L,  it  is  seen  that  the 
wave  length  of  the  fundamentals  are  2Z.  and  4/,,  or  in  the  ratio 
of  1:2,  thai  is  to  say.  a  pipe  lowers  its  pitch  an  octave  on  being 
closed.  Again  minor  influences  render  this  statement  not  exactly 
accurate. 
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375.  Longitadi&al  Vibration  of  Bods.  Wlien  a  rod  is  damped  at 
oii«  end  and  free  at  the  other,  it  is  capable  of  longitudinal  yibra- 
tions  like  the  air  in  a  closed  organ  pipe:.  If  the  rod  is  sUuck  on 
the  end  or  stroked  leng;thwise  with  a  roHn-covercd  cloth,  it  may 
be  made  to  emit  a  musical  sound.  The  [«tch  is  detennined  by  the 
length  of  the  rod  and  the  %-elocity  of  propagation  of  longitudinal 
waves,  in  the  material  of  the  rod.  As  in  the  closed  organ  pipe 
tbe  length  of  the  rod  equals  one  fourth  the  wave-length  of  the 
fundamental  vibration.  A  rod  damped  at  the  middle  is  similar 
to  an  open  organ  pipe  and  its  length  equals  one  half  the  wave- 
length of  the  fundamental  vibration  in  the  material.  By  de- 
termining the  pitch  or  number  of  vibrations  per  second  of  such 
a  rod,  the  velocity  of  propagation  of  the  waves  in  that  materia] 
may  be  calculated,  since  v  =  nA,  where  v  is  the  velocity,  n  the  rate, 
and  A  the  wave  length  or  twice  the  length  of  the  rod.  In  this 
case  the  wave  is  one  of  linear  extension  and  contraction,  and  the 
modulus  of  elasticity  of  such  strains  is  the  stretch -modulus  (S  I?!)' 
Hence  an  expression  for  the  velocity  may  be  deduced  from  tliai 
of  1353  by  substitnting  Af  for  E,  i.  e.,  v—-sJM/^  where  hi  is 
Young's  modulus,  and  p  is  the  density  of  the  rod.  (In  the  case 
of  a  solid  the  isothermal  and  adtabatic  moduli  are  practicallv 
equal.)  Wares  like  the  above  are  not  strictly  sound  waves  in 
the  material,  since,  in  the  stretch- 
ing of  a  rod,  some  shearing  or 
transverse  motion  takes  place 

S76.  Transveno    Vibrations   ef 

Rods.     If  a  ihin  rod  AB  is  firmly 

fixed  at  one  end  as  shown  in  Fif 

i  j  194a  it  can  vibrate  in  a  variety  of 

Y  modes.    Thus  a  represents  its  fun- 


V^i 


damental  mode  of  vibration  and  \ 


and  c  its  6rst  and  second  over- 
tones. The  frequencies  of  the  modes  are  approximately  si 
1:6.25: 17.5. 

A  thin  rod  AB  freely  resting  upon  suitable  supports  as  in  T\%- 
1946.  vibrates  in  the  modes  indicated  by  a,  e/,  gh,  and  the  fre- 
quencies are  as  1:2.8:5,4. 

377.  Tutting  Forks.  If  the  rod  AB  Fig.  1946.  be  bent  as  indi- 
cated successively  in  6,  c,  d,  the  nodes  AT,  and  A^,  will  gradnaDy 
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approach  each  other  until  in  d  are  represented  the  conditions 
tuning  fork,  where  the  nodes  are  at  the  bottom  of  the  prongs 


r 

^be  shank. 
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ditions  in  a  I 

;irongs  near  I 


By  considering  the  modes  of  the  over  tones  of  AB 
shown  at  ef  and  gh,  it  will  be  readily  seen  that  the  over-tones  of 
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D  in  its  molion  alternately  opens  and  closes  the  opening  between 

itself  and  F  and  thereby  allows  a  series  of  pufFs  of  air  to  pass  to 

B  and  C.     The  length  and  elasticity  of  the  strip  determines  the 

of  the  reed  and  the  pitch  of  the  lone  produced.     Such  reeds, 

led  free  reeds,  are  used  in  the  parlor  organ  and  melodion,  and 

familiar  mouth  organ. 

If  the  reed  is  long  enough  and  wide  enough,  it  will  cover  the 

Opening  in  the  frame  F  (Fig.  i^yb),  and  in  its  vibrations  it  will 

strike  ihe  frame  F.    In  this  case  it  is  called  a  striking  reed.     Here 

again  the  pitch  is  determined  by  the  dimensions  of  the  reed.    Such 

ist  familiar  in  the  common  tin-horn. 

SSL  Beed  (^nalit;.    The  pufifs  of  air  issuing  from  the  instrument 

controlled  by  a  mechanical  shutter  and  are  not  simple  in  their 

hence    their   quality    is   complex    and    the    tone    appears 

If  a  pipe  is  attached  to  the  opening  C  in  either  form, 

will  considerably  affect  the  quality  of  the  sound,  since  by  its 

iral   resonance   it   will    favor   certain   tones   and   discourage 

Those  elements  in  the  complex  tone  of  the  reed  which 

icide  with  the  natural  rates  of  ihc  pipe  will  be  made  lo  pre- 

inale.     In  fact  the  pipe  may  to  some  extent  impose  its  rate 

the  reed  as  is  the  case  in  the  clarionet  and  the  oboe.    In  prac- 

where  reed  pipes  are  used  in  organs,  the  reed  and  pipe  are 

led  to  the  same  fundamental  pitch. 

'he  flute  is  an  open  lip-pipe  where  the  form  of  vibration  and 
frequency  are  determined  by  certain  openings  along  the  side 
the  tube.     The  clarionet,  cornet,  etc.,  may  be  classed  as  reed- 
pipes.     In   the  trombone  the  pitch  is  controlled  by  varying  the 
length  of  the  pipe. 

$82.  The  Voice.  The  filch  of  the  tone  produced  by  the  voice  is 
determined  by  the  length,  tension  and  weight  of  the  vocal  cords 
(shown  wide  open  in  Fig.  iqS)  which 
are  set  in  vibration  by  the  exhaled  air, 
much  as  is  Ihe  reed  in  the  reed  pipe. 
The  quality  of  the  tone  is  controlled  by 
the  siie.  shape  and  opening  of  the  cavi- 
ties of  the  mouth  and  nose.  These  can 
be  altered  in  dimensions  so  as  to  resonate 
different  components  of  the  complex 
itions  of   the   vocal   cords    (§369). 
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One  vowel  differs  from  inother  aOj  in  die  qH^i^  of  tfae  sound 
as  determined  by  the  mooaDoe  cniaa  of  tfte  moiith  and  nose. 
Consonants  are  merely  tbe  paitknlar  way  of  sorting  or  stopping 
a  vowel  sound. 

38S.  Bw  Ett.  The  complete  appantos  b*  which  nun  faein 
consists  of  four  distinct  parts.  First,  tbe  ejrlfmal  tar,  which 
serves  to  collect  die  sound  waves  aiKl  condna  diem  down  the 
smaD  tube  to  the  dnifii  of  the 
ear  which  is  set  into  vibration 
by  the  vibrations  of  the  air. 
The  motioos  of  the  dram  are 
transmitted  to  the  liqnid  in  the 
vestibMlum  by  the  intervention 
of  three  litde  bones.  The  vesti- 
buhun  is  filled  with  a  water}' 
liquid  and  lined  with  nen-c  ten- 
drils, which  stand  oat  ton-ard 
the  center  like  hairs  in  fur. 
This  portion  of  the  ear  is  an- 
doubtedly  intended  to  recognize 
sound  as  such  and  independent 
of  pitch.  Extending  be}'0[id 
the  vestibulum  and  connecting 
with  it  is  the  cochlea  or  snail  shell.  This  is  a  long  conical  tube 
wound  up  in  a  spiral  like  a  snail  shell,  as  its  name  imph'es.  Across 
the  interior  of  this  tube  are  stretched  some  3000  nerve  tendrils 
called  Corti's  fibers  from  their  discoverer.  Each  little  Corti  nene 
fiber  is  attuned  to  some  particular  pitch  and  immediately  conveys 
to  the  brain  a  like  pitch  caused  by  the  complex  motion  of  the 
liquid.  From  the  relative  intensity  of  the  reports  of  the  nearest 
fibers  the  brain  locates  the  pitch  of  a  tone  falling  in  pitch  between 
two  fibers. 

It  is  this  harp  of  three  thousand  strings  which  enables  one  to 
judge  of  pitch  and  quality. 


PROBLEMS. 
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r.  =  0.001. 

3.  Construe  I  ibe 


""■•(t,)+^*"(7,)  +  " 
independent    variable,    and    7*,  = 
corresponding  to  the  equ 


'(^) 


'(^)— "•(^') 


When  r.  =  0.004,  r,  — 0.0O3  and  B  — o.  t  =  T,/8.  S=T,/*. 

i.  Deduce  from  the  equations  of  f  339  the  equation  of   the  path   of  i 
point  whicb  has  two  simple  harmonic  motions  at  riRhl  angles  tvitb 

(a)  periods  equal,  amplitudes  equal,  initial  phase  ditlerence  0. 


I 
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tuing  y'  snd  x"  as  coordinates,  S::^iT.  X=^ 
variable,  assuming  any  value  for  1. 

6.  What  would  be  the  velocity  of  sour 
hydrogen,  3  parts  oxygen,  x  parts  nilrogcr 


7.  A  rifle  is  lired  at 
of  the  bullet  to  be  Soo 
(a)  At  what  distance  on  the  line 
hear  the  report  of  the  gun  and 


distant  1110  meters.     Assume  llic  velocity 

per  second,  and  the  air  dry  and  at  10°  C. 

;  joining  gun  and  target  would  an  observer 

impact  of  the  bullet  on  the  target  at 


It?  {b)   On  a  line  through  the  target  perpendicular  t 
line  ioining  gun  and  target,  at  what  distance  from  the  target  would  a 
obaerver  bear  the  report  and  impact  simultaneously? 
8.  Two  itriogs  have  tbe  following  factors : 


Length  between  end  supports 

0         cm. 

I  JO 

cm. 

Mass  per  unit  length 

Tension  or  stretching  weight 

0         kilograms 

IS 

kilograms 

Mass  per  unit  length 

0.010  grams 

S  grama 

e  pitch  of  their  diSerence  lone? 
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B.  A  pioe  stick  is  damped  at  it«  middle  and,  vibratiiig  longitndiiiallr, 
emits  a  tone  of  the  same  pitch  as  a  closed  organ  pipe  ao  cm.  long  when 
the  air  is  dry  and  zo°  C  Wbat  is  the  tate  of  vibratioii ;  aad  what  is  die 
velocity  of  propagalion  of  the  elastic  wstg  in  pine  wood? 

10.  AMiune  pilch  a  to  have  a  rale  of  vibratian  of  437.  calculate  the 
rate*  of  the  other  notes  of  the  same  octave  in  the  diatonic  scale,  and  id 
ttae  equal  tempered  scale. 

11.  Two  strings  of  equal  length,  Bo  cm.,  are  of  brass,  and  are  under  the 
same  tension.  One  string  is  o.ia  mm.,  the  other  0.13  mm.  in  diameter. 
The  stretching  weight  is  10  kilograms.  How  man;  beats  per  second  ire 
produced  by  the  two  ttring*  touadjng  together? 

12.  Pipe  A  has  a  rate  of  x  per  second ;  wbat  rate  must  a  pipe  B 
have  in  order  that  their  difference  tone  may  form  a  major  third  with  A. 

13.  Indicate  the  nodal  lines  upon  a  square  plate  when  vibrating  to  the 
third  lowest  note  of  which  it  is  capable.  Mark  by  +  the  part*  above  nor- 
mal, and  by  —  those  below. 

11.  After  a  flash  of  ligblning  three  seconds  elapse  before  the  finl 
sound  is  beard ;  how  far  distant  is  the  dischai^e  ? 

16.  A  lightning  discharge  takes  place  somewhere  between  a  certain 
horizontal  cloud  and  the  earth.  The  direct  sound  is  heard  in  two  seconds 
and  the  echo  from  the  cloud  is  five  seconds.  How  high  is  the  cloud  and 
bow  high  is  the  discharge? 

16.  A  tuning  fork  A  corresponds  to  rate  of  rotation  of  a  syren  of  aio 
in  to  seconds;  the  disk  has  16  holes.  What  rate  of  rotation  would  produce 
the  fifth  above  this  pitch  ? 

17.  The  pitch  of  the  whistle  of  a  locomotive  drops  a  half  tone  in  passing 
the  observer;  what  is  the  speed  of  the  engine  in  miles  per  hour,  assnme 
the  velocity  of  Bound  iiao  ft./sec.? 

18.  A  stone  is  dropped  from  a  balloon  and  is  three  times  as  long  falhng 
to  the  ground  as  the  sound  of  the  impact  is  in  returning  to  the  balloon; 
bow  high  is  the  balloon  ? 


By  E.  Percivai-  Lewis,  Ph.D. 
Professor  of  Physics  in  the  University  of  California. 

GENERAL   PROPERTIES. 

PS84.  RadiAtlon.  As  in  the  cases  of  Heat  and  Sound,  the  word 
^t  has  acqtiired  two  distinct  meanings.  The  primary  and  more 
familiar  one  is  that  which  is  associated  with  the  sensation  of  vision, 
Nearly  all  that  relates  to  this  aspect  of  the  subject  lies  within  the 
province  of  the  psychologist.  The  physicist,  however,  generally 
uses  the  term  in  an  objective  sense,  with  reference  to  the  external 
agencies  which  may  excite  the  sensation  of  luminosity  if  allowed 
to  act  on  the  eye.  The  visible  radiation  which  affects  a  normal  eye 
will  also  adect  a  photographic  plate,  a  thermometer,  or  other 
sensitive  detector  of  heat.  It  will  be  found,  after  analyzing  the 
radiation  from  the  sun,  electric  light,  or  other  sources  with  a 
prism,  that  beyond  the  violet  and  the  red  lie  non-luminous  radia- 
tions which  will  affect  a  photographic  plate  or  a  thermometer,  and 
it  will  also  be  shown  that  the  oscillations  of  an  electric  spark 
between  metallic  terminals  are  accompanied  by  the  radiation 
of  electric  waves  through  space.  There  is,  as  we  shall  see,  no 
fundamental  qualitative  difference  between  these  various  radia- 
tions, and  it  is  due  merely  to  an  accidental  property  of  the  eye 
that  some  of  them  excite  the  sensation  of  luminosity  while  others 
do  not.  This  is  analogous  to  the  selective  resonance  of  a  piano 
wire,  which  will  respond  to  certain  notes  and  not  to  others,  Just 
as  some  ears  can  detect  sounds  of  such  high  pitch  as  to  be  in- 
audible to  others,  some  eyes  can  detect  ether  radiations  lying  some- 
what beyond  the  limits  of  perception  of  the  ordinary  eye.  In  the 
following  pages  will  be  considered  the  whole  range  of  these  radia- 
tions so  far  as  they  are  known.  As  a  matter  of  convenience,  the 
KLi^t,  which  strictly  speaking  would  apply  only  to  the  radia- 
329 
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tions  exciting  the  sensation  of  luminosity,  will  be  used  in  a  figura- 
tive sense  to  include  the  entire  range  of  radiations  which  are  alike 
in  their  genera!  properties,  and  which  were  once  very  artificiallj 
classified  as  luminous,  actinic,  and  heat  radiations. 

The  term  Badiatiotl,  which  meani  the  emission  of  energy  through  space 
from  any  source,  may  be  applied  to  both  Sound  and  Light  pbenoi 
To  dislinguish  them,  we  may  use  the  term  Sound  Radialioi,  which  appliei 
lo  a  form  of  radijlioo  through  the  mediuui  of  maCler.  and  Ether  Raiui- 
lijn,  which,  ai  ihown  by  the  passage  of  light  through  celestial  spai 
propagated  independently  of  matter,  although  in  many  cases  modified  I 

Other  very  interesting  and  important  classes  of  radiation  bav«  recently 
been  brought  to  our  knowledge,  such  as  the  Becquerel  rays,  which  appe 
be  due  in  part  to  Ihe  projection  of  small  particles  frem  such  substances  u 
uranium,  thorium,  and  radium  compounds,  and  Ronlgen  rays,  which  seen  lo 
be  a  form  of  ether  disturbance:  hut  Ihe  mode  of  production  and  of  propa- 
gation of  these  radiations  i*  very  different  from  that  of  light  (see  Radio- 
activity). 

385.  Sources  of  Light  The  best  known  are  the  sun.  the  physical 
nature  and  condition  of  which  are  as  yet  not  fully  understood, 
solid  bodies  at  a  high  temperature,  such  as  the  calcium  light,  elec- 
tric arc  and  incandescent  lights,  and  luminous  flames.  If  a  piece 
of  cold  porcelain  is  held  over  the  flame  of  a  candle,  lamp,  or  gas 
jet,  it  will  become  covered  with  finely-divided  carbon,  while  no 
such  deposit  is  observed  in  the  case  of  a  non-luminous  bunscn  or 
alcohol  flame.  This  suggests  that  the  luminosity  of  these  flamej 
is  due  to  the  presence  of  incandescent  carbon  particles.  This  idea 
is  strengthened  by  the  fact  that  when  the  base  of  a  bunsen  bumtf 
is  closed  the  flame  becomes  luminous  and  smoky;  when  open. 
enough  oxygen  is  admitted  to  combine  with  all  the  carbon  set 
free  by  the  dissociation  of  the  coal  gas,  and  the  flame  is  then  non- 
luminous.  The  carbon  oxides  formed  arc  permanent  gases,  and 
there  is  no  evidence  that  such  gases  can  be  made  luminous  by 
high  temperature  alone.  Any  gas  may  be  made  luminous,  however. 
by  the  passage  of  an  electric  discharge  through  it,  but  this  lumi- 
nosity does  not  seem  to  be  accompanied  by  very  high  temperature. 
There  are,  in  fact,  many  gases  in  which  light  is  emitted  at  a 
very  low  average  temperature  of  the  source.  As  examples  may 
be  mentioned  the  various  types  of  phosphorescence,  some  of  wWdi 
ar^^gsMictive  at  temperatures  as  low  as  that  of  liquid  air 
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f^>T>,  due  tu  electrical  discharges  through  the  highly  rarefied 
~  "Veiy  cold  tipper  atmosphere,  and  the  light  emitted  by  fire- 
!^S  and  glow-worms. 

i.  Bectiliuear  Propagation.    One  of  the  earliest  observations 

ing  light  was  that  it  travels  in  straight  lines  in  a  homo- 

a  medium.     These  lines  of  propagation  or  "  rays  "  may  be 

bto  alter  their  direction  only  by  one  of  two  methods — by  re- 

,  when  they  fall  oo  the  boundary  between  two  media,  or 

f  refraction,    when    they   pass   obliquely    from   one    medium    to 

r  through  a  medium  of  varying  density. 

.  Shadows  and  Eclipses.    Rays  pass  in  straight  lines  by  tlie 

5  obstacle,  so  that  the  space  behind  it  is  screened  from 

Kfigfat     If  the  lalter  comes  from  a  very  smalt  or  "  point  "  source 

i  shadow  would  be   sharply   defined   if  the   propagation   were 

f  rectilinear ;  as  a  matter  of  fact,  close  observation  shows 

5  that  the  light  fades  gradually  into  the  shadow.     This 

very  significant  fact  proves  that  light  travels  only  approximately 

in  straight  lines;  there  is  always  more  or  less  lateral  spreading. 

Strictly  speaking,  there  is,  then,  no  such  thing  as  a  ray  of  light, 

:  mean  by  this  term  propagation  along  a  geometrical  line. 

!xpIanation  of  this  spreading  will  be  given  later  (§409). 

lOre  obvious  cause  of   the  lack  of   Bharpnus  in   shadows  is  to   be 

in  the  fact  that  most  sotuves  of  light  »re  oot  even  approximately 

but    are    of    finite    area. 

I  gives  rise   lo  the  dislribu- 

of  tight  and  shadow  shown 

)  and  Fig.  agi.    The 

t   represenla   the  shadow   cast  Fio.  aoo. 

object    larger    than    the 

;   the  second,   Ihal   due   lo 

mple  Ihe 


LIGHT. 


penumbra  or  partly  through  the  umbra  and  partly  through  the  peQumbia  it 
is  partially  eclipsed. 

388.  Parallax.  This  well-known  phenomenon  depends  upon  the 
rectilinear  propagation  of  light.  By  parallax  is  meant  the  ap- 
parent displacement  of  an  object  due  to  the  real  displacement  ot 
the  obsei^er.     For  example,  if  the  observer  moves   from  O^ 

^  0,  (Fig.  202)  A  will  appear  to  be  displaced  an 

angular  distance  a  +  ^  to  the  left  with  reference 
lo  B.  That  object  which  seems  to  be  displaced 
in  a  direction  opposite  to  the  motion  of  the  ob- 
server is  evidently  the  nearer.  When  [ravelin 
on  a  railroad  train  objects  near  at  hand  appear 
10  be  moving  backward,  those  at  a  dislai 
the  same  direction  as  the  observer.  If  ti 
jects  are  coincident  in  position  or  equally  distant 
their  relative  parallax  vajiishes.  This  gives  ! 
useful  method  of  finding  the  apparent  position  of 
^'      p  [he  image   formed   by  a   lens  or  mirror,  or  of 

focusing  the  cross  thread  of  a  telescope.  When 
the  latter  and  the  image  of  a  distant  object  are  both  distinctly 
seen  and  have  no  relative  parallax  they  are  coincident  in  posi- 
tion and  both  in  focus. 

In  astronomy  horiiontal  parallax  is  dcRaed  as  the  angle  subtended  by 
the  semi -diameter  of  the  earth  from  any  body  of  the  solar  system.  An- 
nual parallax  is  the  angle  subtended  by  the  semi -diameter  at  the  earth'i 
orbit  from  the  more  distant  fixed  stars.  The  distance  between  the  lun  and 
the  earth  may  be  determined  by  observing  the  transit  of  an  inferior  planet, 
Venus  for  example,  ac 
sun's  dies.  Observers  a 
B  CFig.  20J)  note  the  in 
which  Venus  appears  lo  enter 
the  sun's  disc  na  viewed  from 
their  respective  sla lions,  From 
the  interval  between  these  two 
contacts  and  the  known  angular 

velocity  of  Venus  around  Ibe  sun  the  an);le  3  may  be  determined,  and  (ron 
iliat  and  the  base  line  AB  the  horizontal  parallax  of  the  sun  may  be  caku- 
laird.  Of  course  correction  must  be  made  for  the  motioD  of  the  earth 
between  the  inslanw  of  contact. 

380.  Ptnhols  Image.     Another  effect  of  the  approximately  recti- 
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r  ptY>pa£atioii  of  light  is  tbe  forautioa  of  an  iawiied  mage  vt 

tree  by  light  passing  tbnxi^  a  aBaD  orifce  soeb  as  a  pm- 

If  any  source,  for  example,  a  caadic;  b  plaeed  nypoahe  sack 

screen  5,  (Fig.  204)  light  fran  tbe  point  P  will  psn 

1  the  opening  in  a  narrow  cone  or  "  pencil "  and  ShnuBate 

II  patch  at  P,  OD  a  screen  5^    Light  fnxn  Q  win  fonn  a  andl 

I  Qy  and  l^t  from  any  other  point  of  the  flame  ^H  fall 

acMrespoodtng  point  of  the  screen  S^    The  gnx^  of  patebea 

■  In  form,  color,  and  relative  bri^itneM  repnidiice  ite  eauBe 

^  hot  evidently  inverted  in  positMo.     Tbe  pinbotf  fams 


1 


Fic  K14. 


e  like  thai  due  to  a  condensing  lens,  but  the  total  light  in  the 
{pinhole  image  will  be  less  than  that  formed  by  tlie  lens  in  the  pnv 
|iorti(»i  of  the  area  of  the  pinhole  to  thai  of  the  lens.  As  the 
image  is  due  to  a  group  of  overlapping  patches,  it  will  not  be  so 
sharp  in  outline  as  that  made  by  the  lens.  The  blurring  will  in- 
Icrcase  with  the  size  of  the  opening  or  when  the  source  is  brought 
«ear  the  screen,  thus  increasing  the  angle  of  the  transmitted  cone. 
t  ohject  and  its  image  subtend  equal  angles  at  the  pinhole,  so 
[hat  their  linear  magnitudes  are  in  the  same  ratio  as  their  respec- 
tive distances  u  and  v  from  the  screen  5,.  This  is  also  true  of 
tnages  formed  by  any  optical  device,  such  as  a  mirror  or  lens. 


Pinhole  imagea  were  first  obaerred  by  the  great   I 


1,  Leonardo  da  Vir 


The  c 


obscura 
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invented  by  Ports,  an  Italian  physician,  about  ijSg.  The  ordinuy  pbolo- 
KT^hic  cameiH  represents  Ibe  final  stage  of  improTement  of  this  drrice. 
I^andscape  pliDlDgrHpha  of  great  softness  and  beaut;  may  be  made  by  the 

tiBC  of  the  jjinhote  camera. 

390.  Beflection,  Begnlar  and  Siifase.  When  light  falls  on  i 
smooth  polished  surface  it  is  reflected  in  a  definite  direction-  This 
is  called  regular  reflection.  The  plane  including  the  direction  of 
the  incident  light  and  the  normal  to  the  surface  at  the  point  of 
incidence  is  called  the  plane  of  incidence.  The  angle  between  the 
incident  pencil  and  the  nonnaJ  to  the  surface  is  called  the  angle 
of  incidence ;  that  between  the  reflecled  pencil  and  the  normal  is 
called  the  angle  of  reflection.  Experiment  shows  that  (l)  tlie 
angle  of  reflection  is  equal  to  the  angle  of  incidence;  (2)  the 
reflected  pencil  lies  in  the  plane  of  incidence.  It  is  evident  from 
the  first  law  that  if  the  mirror  be  rotated  through  a  given  an^e 
the  reflected  pencil  will  be  rotated  through  twice  that  angle. 

When  light  falls  on  a  rough  unpolished  surface  it  is  reflecled 
in  all  directions.  This  is  called  diffuse  or  irregular  reflection. 
There  is  no  essential  difference  between  regular  and  diffuse  re- 
flection except  that  in  the  latter  we  may  imagine  reflection  to 
take  place  frotn  an  infinite  number  of  infinitesimal  plane  surfaces 
orientated  in  all  directions. 

391.  Visibility  of  Objects.  On  a  clear  night,  when  there  is  no 
moonlight,  the  stars  and  planets  appear  against  a  background  of 
black  sky.  The  space  around  the  earth's  shadow  cone  is  filled  with 
sunlight,  but  we  do  not  see  it  unless  it  is  reflected  from  some 
planet  or  the  moon.  If  a  beam  of  light  is  passed  through  a  vessel 
of  distilled  water  its  path  is  invisible.  If  a  beam  of  sunlight 
enters  a  dark  room  it  cannot  be  seen  unless  dust  particles  are 
floating  in  the  air.  A  drop  of  milk  in  the  water  or  a  little  dust 
stirred  up  in  the  room  will  cause  the  path  of  the  light  to  flash 
out  brilliantly.  Such  experiments  show,  as  might  be  expected, 
that  light  docs  not  excite  the  sensation  of  himinosily  imless  it 
enters  the  eye  directly  from  the  source  or  by  reflection.  Ordioarj 
objects  are  visible  because  they  reflect  light  diffusely  into  the  eye, 
and  they  may  be  regarded  as  secondary  sources  of  radiation.  A 
perfect  reflector  wouUI  itself  be  invisible,  all  the  light  reflected 
from  it  appearing  to  come  from  the  image  of  the  source,  not  from 
the  reflector. 
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V  392.  Transmission  and  Altsorption. 
meiiia,  for  example  most  gases,  glass, 
appreciable  diminution  of  intensity. 
little  or  none,  or  certain  colors  only ; 
general  or  selective  absorption.     In  c 


Light  travels  througli  some 
and  water,  with  scarcely  any 

Other  media  may  transmit 
such  media  are  said  to  show 
ises  where  absorption  occurs 


there  appears  to  be  a  loss  of  radiant  energy,  but  it  may  be  shown 
that  it  is  changed  to  other  forms,  usually  heat  (§  309  el  seg.). 

393.  Tranapaiency,  Translncency,  Opacity.  Any  substance  which 
transmits  a  large  fraction  of  the  incident  light  without  scattering 
it  is  said  to  be  transparent.  As  indicated  by  this  term,  objects 
may  be  seen  clearly  through  such  substances.  Objects  which 
absorb  all  the  unreflected  incident  light  are  said  to  be  opaque, 
and  act  as  perfect  screens.  Evidently  any  perfect  refiector  must 
also  be  perfectly  opaque,  but  in  this  case  opacity  is  not  due  to 
absorption.  Substances  differ  widely  in  these  properties,  varying 
from  almost  perfect  transparency  to  almost  perfect  opacity.  The 
most  transparent  media  known  show  some  absorption,  which  in- 
creases with  the  length  of  path;  hence  any  substance  will  become 
opaque  if  a  sufficient  thickness  is  taken. 

Ko  light  penetrates  10  great  depths  in  Ibe  ocean,  ahhoueb  a  layer  of 
waler  of  considerable  thickness  is  transparent.  On  the  other  hand,  light 
will  penetrate  to  a  slight  depth  in  any  medium,  so  that  thin  layers  of  metal 
or  of  carbon  are  faood  to  be  transparent.  Some  substances  arc  selectively 
Iransparent ;  red  ({lass  will  freely  transmit  red  tight  but  not  tbe  other  colors, 
and  a  ihin  sheet  of  hard  rubber,  wbieh  appears  to  be  opaque,  will  transmit 
radiations  lying  a  little  outside  the  red  of  tbe  spectrum  (9  311)- 

Some  substances  transmit  light,  but  scatter  it  so  that  objects  cannot  be 
clearly  seen  through  them.  These  substances  are  called  translucent.  The 
effect  is  caused  by  diRused  reflection  wilhin  tbe  medium,  due  to  discon- 
linuity  or  no n -homogeneity  of  structure,  as  in  the  case  of  powdered  glass, 
paper,  or  water  containing  finely-divided  particles.  Some  subRlances, 
fudl  as  paraffin,  are  boinogeneous  and  transparent  when  in  tbe  fluid  state, 
and  traoslucent  when  in  the  solid  slate.  The  latter  effect  is  apparently 
due  to  granulation  or  crystallization. 

394.  Refraction.  When  light  passes  obliquely  from  one  trans- 
parent medium  to  another  a  part  is  usually  reflected,  while  that 
which  enters  the  second  medium  changes  its  direction  abruptly 
at  the  boundary.  Generally  (but  not  always)  in  passing  from  a 
lighter  medium  to  a  denser  the  light  is  deflected  toward  the  normal 

hTIus  is  called  refraction.     Since  objects  appear* 


to  be  in  the  direction  from  which  the  light  comCE,  refraction,  by 
changing  the  course  of  the  light,  causes  an  apparent  displaceraeol 
of  the  source.  An  example  is  found  in  the  classic  experiment  of 
Kleomedes,  who  showed  that  a  coin  placed  in  the  bottom  of  a 
vessel  so  that  it  is  barely  concealed 
by  the  sides  of  the  latter,  is  appar- 
ently lifted  into  view  when  the  vessel 
is  filled  with  water  (Fig.  205).  The 
object  at  A  then  seems  to  be  at  the 
point  A',  and  the  bottom  PQ  of  the 
vessel  appears  to  be  raised  to  P'Q'. 
Similarly,  a  meter  rod  dipped  obliquely 
''  ~  p  ^  into  water  appears  to  be  bent,  and  the 

divisions  seem  to  be  shortened. 
latter  effect  is  also  observed  when  the  rod  is  normal  to  the  sur- 
face. This  change  in  the  apparent  distance  of  objccis  seen  nor- 
mally through  a  refractive  medium  is  to  be  considered  a 
example  of  refraction,  although  there  is  no  deviation  of  the  light. 
It  will  be  shown  in  §432  that  these  effects  arc  the  result  of  dif- 
ferences of  velocity  of  light  in  the  media  concerned. 

395.  Intensity  of  Light.  The  brightness  of  light  as  estimald 
by  the  eye  is  not  capable  of  precise  physical  detemiinatiofl. 
depends  lo  a  large  extent  upon  the  color  of  the  light  and  the 
sensitiveness  of  tlie  eye.  The  only  consistent  way  in  which  in- 
tensity of  radiation  may  be  determined  or  expressed  is  in  tcniii 
of  energy. 

If  radiation  travels  through  a  homogeneous  medium  in  5lr3>gl<' 
lines,  and  if  the  medium  is  perfectly  transparent  and  does  not  iisdf 
emit  radiation,  the  energy  contained  wilhin  a  spherical  shell  of* 
given  thickness  must  remain  unchanged  as  the  light  divergo 
through  space.  If  a  given  amount  of  energy  passes  through  ih* 
surface  of  a  sphere  of  radius  r,  concentric  with  the  source 
given  time,  and  if  there  is  no  absorption  in  the  medium,  the  m" 
total  quantity  must  later  pass  in  the  same  time  through  the  it"' 
face  of  a  sphere  of  radius  r,.  Since  the  energy  is  distributed  o'W 
a  larger  surface,  ihe  intensity  (which  may  be  defined  as  'h^ 
energy  falling  on  unit  surface  per  second)  will  be  reduced  in  f^ 
same  proportion.     If    the  quanlity   of   energy   emitted  from  ^^ 
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:  per  second  is  E,  and  Z,  and  /,  are  the  intensities  at  ibe 
mces  r,  and  r„ 

£ 


or  the  intensity  varies  inversely  as  the  square  of   the  i 
from  the  source.     The  law  would  apply  strictly  only  to  a  point 
source  in  a  non-absorbing  medium;  it  is  practically  applicable  in 
the  case  of   any   ordinary   source   in  air,   which  absorbs   visible 
radiation  only  slightly. 
The   above  dedirciion  i«  based  upon  the  aisumpiioii  that  the  Tadiaticn 

medium  is  of  varying  retracliviiy,  on  account  of  paiiial  reflection  and  of 
changing  divetgence  of  a  cone  of  light  in  pssiing  from  one  medium  to 
another.  In  case  a  beam  is  made  parallel  Ity  a  Jens  or  miirof  there  !■  no 
change  of  intensity  with  distance  except  thai  due  to  abtorptjon  or  to  im- 
perfect  parallelism. 

396.  Photometry.     Tbe  eye  can  farm  no  exact  estimate  of  de- 
grees of  intensity,  but  it  can  determine  with  great  accuracy  whether 

two  adjacent  surfaces  are  equally  illuminated  by  lights  of  the  same 
color.  Upon  this  principle  are  based  the  different  methods  of 
Photometry  or  comparison  of  intensities.  Two  of  the  simplest  and 
oldest  types  of  photometer  are  the  Rumford  shadow  and  the  Bun- 
sen  grease  spot  photometers.  In  the  use  of  both  it  is  assumed  that 
the  light  from  the  two  sources  compared  contains  the  different 
colors  in  the  same  proportion,  making  comparison  possible. 


'ach  shadow  is  illuminated   i 
^utcc  which  casts  the  oihei 


i 


>]ely   by   the 
ehadow.     If  this  inlcDsity  i 
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or  tbc  retptOive  tntenalics  of  Ibc  two  mvces  an  diredlT  ■>  the  sqauti 
of  Unir  diiUDCo  from  the  KfCet)  wbea  the  lalter  is  eqaaSy  Ohmiiiutcd  \ll 
both.  Thii  leUdon  holds  tikcwue  m  the  sic  of  the  oUlcr  formi  of 
pbotometer  dcicribcd  below. 

The  Buiuen  pbotomeler  consists  essentiallr  of  a  gicase  spot  on  ■  sctccb 
of  white  paper.  Such  a  spot  is  mare  iraiuliiceat  than  the  clean  ptper, 
■nd  for  tbi>  reason  ipficars  darkei  hf  fEflecled  light  (liace  there  ii  Icn 
light  rcflectrd  liom  the  upot).  If  such  a  screen  is  placed  between  » 
wbich  equally  ilimninale  it  with  tight  of  the  same  quality  (same  propoi- 
tiona  of  differeat  colors)  the  grease  spot  wiQ  disappear.  The  loss  in  iigli< 
reflected  from  the  spot  on  one  side  will  then  be  compensated  bjr  the  in- 
creued  amount  transmitted  from  the  other  side: 

The  Joly   diffusion   photometer   caiuists   of   two   rectangular  blocks  ol 

paraflin  leparstcd  l>y  a  piece  of  tin  foil.     Paraffin  is  a  translucent  sut>- 

*tance  which  appears  to  scatter  ligfal  throughout  its  entire  masa.     If  Ibil 

photometer  is  placed  between  Iwo  sources  of  lisbt  with  the  tin  foil  at  tight 

angles  to   the   line   joining  them   each   block   will   be   illuminated  by  one 

source  alone.     If  llie  intensity  of  illumination  is  the  same  on  both  ndej 

(he  boundary  line  between  the  two  blocks  will  disappear:  if  it  is  not  the 

same,  the  boundary  is  clearly  seen,   the  block  receiving  the  smaller  amount 

oF     light   appearing  darker    than   the   other    throughout   its   entire   auss. 

397.  Lambert's  Law.     A  flat  flattie  or  an  incandescent  sheet  of 

metal     appears    to    be    equally     bri^l 

whether  viewed  tiormally  or  obliquely  to 

its  surface.    The  intensity  or  the  energy 

falling  per  second  on  unit  area  of  the 

surface  BC   (Fig.  207)   is  equal  to  the 

tal    energy  emitted    per   second    from 

AB  at  the  angle  a  with  the  normal  to 

Fco.  =07.  the  surface,  divided   hy  BC,  or,   if  £. 

is   Ihc  emissivity  of  AB  per  unit  area 

1  that  dircclion.  E  =  E,{AB/BC).     The  normal  emissivity  is  E. 

and  observation  shows  the  £^£„:  therefore 

£,  =  £  =  £,  (AB/BC)    or    £.  =  E,  cos  a 
i  is  known  as  Lambert's  Law,     In  accordance  with  this  prin- 
ciple, an  incandescent  sphere  when  viewed  from  a  distance  appears 
to  be  a  uniformly  iluminated  disc 


c  appc^ta       I 
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Tbe  law  does  not  apply  to  a  suiface  bounded  by  an  absorbing  itmosphere, 
which  will  of  course  exercise  grealer  total  absorption  in  an  oblique  than  in 
a  nomial  direction.  The  aun,  for  example,  which  is  surrounded  by  an 
absorbing  atmosphere  of  gases,  appears  (as  clearly  shown  in  photographs) 
lo  be  darker  at  the  edges  than  at  Ibe  center. 

In  the  same  way  it  ma;  be  shown  thai  if  !%  is  the  inteniity  of  light 
falling  normally  on  a  screen,  the  illumination  when  the  ligfat  is  incident  at 

/,-;„cos( 


VELOCITY    OF    LIGHT. 


398.  Velocity  of  Light.  The  setisalion  of  light  is  produced  hy  a 
disturbance  originating  in  distant  bodies,  and  it  may  naturally  be 
assumed  that  this  disturbance  travels  with  a  finite  Velocity. 
Galileo,  about  1600,  appears  to  have  been  the  first  to  attempt  to 
measure  this  velocity. 

Hia  method  was  subslanlially  the  same  as  thai  ordinarily  used  lo  drier- 
mine  the  velocity  of  sound.  Two  ob!crver!i  stalioned  at  some  distance  from 
each  other  endeavored  to  note  the  instants  at  which  flashes  of  light  from 
one  station  were  observed  at  the  other.  The  failure  of  such  allempta  made 
it  dear  that  tbc  velocity  of  light  is  so  ^rcax  that  the  time  requited  to  pass 
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In  1675  Glaus  Bdmer,  a  Danish  astronomer,  observed  that  the 
eclipses  of  Jupiter's  satellites  by  that  planet  recur  at  regularly 
increasing  or  decreasing  intervals,  according  to  the  earth's  posi- 
tion with  respect  to  Jupiter.  If  the  first  observations  are  made 
when  Jupiter  and  the  earth  are  in  conjunction,  or  on  the  same 
side  of  the  sun  and  in  line  with  it,  the  interval  between  the  first 
and  the  second  ecHpse  of  one  satellite  is  about  i  day  18.5  hours, 
but  as  the  earth  proceeds  in  its  orbit  the  interval  between  eclipses 
slowly  increases,  so  that  at  opposition,  when  the  earth  is  on  the 
opposite  side  of  the  sun   from  Jupiter,  the  eclipses  occur  about 

116  minutes  later  than  the  times  calculated  from  the  first  observed 
interval.  As  the  earth  continues  on  its  course  the  intervals 
i£minish,  the  original  value  recurring  at  conjunction.  During 
flic  period  between  conjunctions  225  eclipses  of  this  satellite  occur. 


J 


The  inlerval  between  the  first  and  (he  113th  is  greatest  by  !& 
minutes  41.6  seconds  (according  to  modern  observations)  thw 
thai  between  the  113th  and  the  225th. 

Rumer    explained    this    u    being    doe    (0    the    finite    Telocity   af  li 
(be   latt   insulment   of   light   which  comes   fTom   the   latcllite  befan 
eclipse  it   Diipoiilion   bavins  to   tnivet   a  dislance   equal  to  the  diann 
of   the  earth's  orbit,   in  sildilioa   (0   the  dislaoce  between   the  eanti  ind 
Jupiter  At  conjunclion.  and  in  eonsequence  reaching  the  earlh  latci  ibin 
if  the  latter  had  remained  at   the  original  distance   from  Jupiter. 
eclipses   occur   between   conjunction   and    opposition,    if    I    is   tbe  actuil 
interval  between  eclipses.  T,  (he  apparent  interval  between  the  edipM  1I 
conjunction  and  the  next  eclipse  at  opposition.   T,  the  apparent  inteml 
between  that  at  opposition  and  thai  at  the  next  conjunction,  d  the  di 
of  the  eanb's  orbit,  and  I'  the  velocity  of  light. 
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The  best  determinations  of  this  so-called  " equation  of  light"  and  of  lie 
diameter  of  the  earth's  orbit  give  198,300  kilometers  per  second  ss  the 
velocity  of  light. 

BrKdlflj'B  Msthod.  Romer's  explanation  was  discredited  until  lone 
after  his  death,  when  aa  entirely  different  astronomical  method  con£ni(d 
his  views.  In  17x7  Bradley,  the  astronomer  royal  of  England,  discoveied 
an  apparent  negative  parallax  of  ihe  fixed  stars ;  thai  is,  an  apparent  dii- 
placemcnt  not  opposite  to  the  direction  in  which  the  earth  was  moving  in 
its  orbit,  but  in  the  same  direction.  The  apparent  path  of  the  start  is 
the  ecliptic  was  back  and  fonb  in  a  sltaigbt  line;  of  those  near  the  pola 
of  the  ecliptic  in  circular  otbite.  and  of  those  in  intermediate  positions  in 
elliptical  orbits.  The  displacement  was  the  same  for  all  stars  in  the  sami 
celestial  latitude.  These  facts  showed  that  the  effect  was  not  due  to  an; 
proper  motion  of  the  stars,  but  rather  to  that  of  the  earth  in  its  othil; 
and  it  is  not  a  parallax  effect,  ss  the  displacement  is  opposite  to  that  oi 
parallax.  Bradley  was  tor  a  limc  greatly  perplexed  by  this  phenomenon, 
but  the  chance  observation  of  the  direction  of  a  n-ind  vane  on  a  boat  sailins 
on  the  Thames,  this  direction  not  being  that  of  the  wind,  but  of  the  resullani 
of  that  of  the  actual  wind  and  that  of  the  virtual  wind  due  to  the  motion  of 
the  boat,  suggested  to  him  that  the  apparent  motion  of  the  light  coming  from 
Ihe  stars  might  be  the  resultant  of  Ihe  actual  motion  of  the  light  and  its  rela- 
tive motion  with  respect  to  (he  moving  earth.  If  a  stone  is  dropped  into  s 
vertical  tube  which  is  at  the  same  time  moving  parallel  to  itself  in  a 
direction  at  right  angles  to  the  path  of  the  stone,  the  latter  wiU  have  1 
horizontal  component  of  relative  morion  with  respect  to  the  tube  and  wiU 
stnke  in  aide.     Similarly  a  beam  of  light  which   actually   moves  with  a 
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vd[>dtr  parallel  li 
!e  oi  tbc  latter  on  account  of  its  diiplacemest  due  to 

tbe  appateot  angular  diqilacemetit  is  a, 
L  a^z^HjV.  where  «  ia  tbe  component  vetodtj  of  Tbc  earth  at  right 
~*Ilglcs  to  the  lice  of  sight  and  V  tbe  velocity  of  light.  Bradlejr  gave  the 
lame  aberration  to  this  apparent  angular  displacenient  of  the  light  from 
the  slar^  The  best  determinations  of  a,  the  aberralioa  constant,  is  lo^^i", 
Which,  combined  with  the  knomi  velodtr  of  the  eaitb  in  its  orbii,  gives  ■ 
valae  for  f  of  399,920  kilometers  pei  second. 

399.  Fizeau's  Hetbod.  The  first  to  make  a  direct  determination 
of  the  velocity  of  light  was  Fizeau,  who  in  1849  found  the  time 
required  for  light  to  pass  between  Suresnes  and  Montmartre,  near 
Paris,  a  distance  of  8633  meters.  His  method  was  as  follows: 
Light  from  a  source  S  {Fig.  208)  is  reflected  from  a  piece  of  plate 
glass  m,  focused  by  a  lens  L  on  the  circumference  F  of  a  toothed 
wheel  IV,  and,  after  passing  between  the  teeth  of  the  wheel,  is 
made  parallel  by  a  second  lens  £,.  From  this  point  the  beam 
travels  to  the  distant  lens  L„  which  focuses  it  on  a  mirror  M, 
From  this  point  the  beam  retraces  its  path  to  the  source ;  but  a  por- 
^tion  of  it  will  pass  through  the  plate  glass  m  to  the  eye  E,  by  which 


1 


jt  may  be  observed.    If  the  toothed  wheel  is  rapidly  rotated  a  de- 
tached train  of  light  waves  will  pass  through  as  an  opening  passes 
II       F,  travel  to  M,  and  return.    If  in  tlie  meantime  a  tooth  has  moved 
into  the  position  F  the  light  will  be  eclipsed;  at  twice  the  speed 

k required  for  the  first  eclipse  the  light  will  again  reach  F  when 
m  opening  is  at  the  point,  and  will  pass  to  the  eyepiece.     At  three 


Tffiet  3e  jTspnl  need  cf  ^k  ahuJ  the  secmd  edipae  will  ocair, 
m£  ac  3E.  A:  9ee&  pa  iii::ag  naawmwian  of  the  light  the 
vstcs  v^i  liSB  t3s£  79CrT3  tsovpi  IK  socccssTc  opdiDgs  in 
iug.  uibgir  fmcs.  iix  :^  ^ix  win  appear  cooiiuuom  to  the 
!^  ^—  ■■**  ::  :=if  jie^^ijag^a  oi  Ttaoa.  If  Z.  be  the  distance 
:g:w«a.  :ie  wieai  xa£  ~e  S^a~z  xtrnx.  V  ibe  vdodtr  of  ligbt, 
tx  r  ^x  =iDe  je^iiiJcg  xr  5^  »  said  the  lEstance  2L, 


M  -^  a«K>i  :i  ^k  w^ccl  3>::;cue  saszessnv  eclipses  occnr.  If 
•  1«  ;ii!  Tsm^XT  :z  led  laf  of  ^ak&.  xad  if  A\,  .V,  and  -V, 
"re  as  itnr^y  :i  rtT-rfco^d  per  sec-.'of  iat  tfie  firet  secood,  and 
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Vrii  vi.jj  ,-:  ;■  r.-c=ii  :t  ^:rs»=  wis  j:5^?ix>  fcn,  sec    Cbnra, 
s  -f  :.it  strru  int-n^  ,-ccir»i  a  oear  nesEh  oi  399.950  kiii./s«- 

Ibc^ini  «;  FmtcHill.  1Bt^ii^».  Vcvvwk.    la  iS&i  Foncault 

.\--rr..r^;   "  >'    rfirs  ."t  :ii  SifiareaeEi  of  x  beam  of  Bg)" 

■-....^j^  rafijTWi   fras   s   rertdving  mirror. 

Tbi  ^sKiAf  was  i=pTt»red  br  Micli4 

snr.  »■>•,-  rai  s  series  of  observa- 

=.-ra   ~    :?:^  a:   Ae   United  Stale 

t^.,^  Nii-i:  A^AJe=T.  aad  aiKitber  in  iSSi 

:r>ic::  i?  iT>3Mtci  12  Fig.  J09.    UglU 
:r.ir,  1  ^iirr.-^  s5i  5  faJIs  on  the  nur- 
y.,     ,^  r.-.r  «  ts;  b  reSerted  to  a  lens  i. 

»->.>c*  T>.r.'ws  j;  in  a  iiaraliel  W"  •" 
■  N-  -.-.'sTV  -■  -~-.r  V  ■,>>;  Virr,  rcr-a.-«  :»  path,  and  if  the  mir- 
iw  »  i,  ,.  -^.  is  jff-ATf?-:  :.-  i  :,v-»  a:  5.  If  bowerer.  m  has 
'^v*^^i  t>i-v>;f*:  :St  *r^V  *  -m-hiV  the  E|:ic  is  jtassii^  frtm  ■  » 
^  A«»<1  hk.-<  t)w  trfi(<w«±  i«K-C  wvC  %e  laand  duo^  die  an^ 


VKLOaTY   OF   LIGHT. 


I  and  will  form  an  image  of  the  source  at  5,.  If  the  disi 
between  S  and  S,=  rf,  that  between  S  and  m  =  r,  that  between 
M  and  A/  =  L,  if  n  he  the  number  of  revolutions  of  m  per  second, 
Ijld  T  the  time  required  for  light  to  pass  from  m  to  Af  and  back. 
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iFoucauIt  used  a  sbort-focus  lens  between  5  and 
9  lens  between  m  and  M.  as  in  Michel 
a  short  distance,  not  exceeding  20 
(  only  0.7  mm.,  even  when   the   minor 

E  lesull  Dbtainel  by  Foucault  was  .246,000  kilometers  per  second.  In 
Ulchelson'i  eiperiaienis  a  long-focus  lens  enahled  him  to  make  r  large  and 
at  the  same  time  to  throw  a  parallel  or  nearly  parallel  beam  on  M,  so  that 
the  distance  L  could  be  increased  indefinitely  without  any  considerable  loss 
of  liKht.     With  a  value  of  L  =^  60s  melcra,  r^g  m.,  and  a  speed  of  157 


rvolut 


Michelaon's 
Newcomb,    in    1881,    made    1 
The  distance  L  was  3 
t  and  Fort  Myer,  in  Virgil 


isplac 


133   '■ 


The 


t  of 


Sa  was  r  =  899,850  km./sec. 
further    improvements    in    Fouc 
leters,  between  the  Washington  t 
V  obtained   hy   bin 


Th< 


thod  of  Foucauit  is  especially  adapted  to  the  i 
%t  the  Velocity  of  Light  in  Different  Media,  such  as  water 
tnd  carbon  bisulphide,  and  was  so  applied  by  Foucault  and  Fizeau 
and  also  by  Michelson.     A  long  tube  filled  with  the  liquid  was 
placed    between    the    mirrors   m    and   M.     Michelson    found    the 
velocity  in  air  lo  be  1.33  times  greater  than  that  in  water,  and  1.76 
times  greater  than  that  in  carbon  bisulphide.     This  has  an  im- 
portant bearing  upon  the  choice   between  the  emission   and  the 
tindulatory  theories  of  tight  (§401). 
The  velocity  of  light  from  all  sources  seems  to  be  the  same,  not 
r       being  appreciably  affected  by  their  intensity.     Romer  and  Bradley 
IJHtucd  sunlight  or  starlight,  Fizeau  and  Cornu  calcium  light,  Fou- 


I 

J 


344  ucn. 

caidi.  IGcfaefaoi^  nd  Kewmwb  ssB^  Tonne  ""^  Forbes  det 
trie  S^«.  la  ^ace  Sftes  of  all  oolocs  bard  wiA  dK  saiiu  nladq^ 
n»  n  jhiai  bf  (fce  cc^se  of  a  wlHlt  stsr  bj  the  tuoaa;  d« 
star  wnrfd  affar  red  jast  befame  edipae  aad  Uoe  jost  after  U 
:  &^  ba«ds  fader  tban  red;  bat  ao  cltangc  of  ctdor  t) 
It  is  dn  ikowa  hj  the  fact  that  ia  UidielsoD's  e^ieti- 
e  Hcit  was  aot  dnwn  oat  in  a  spectnm.  Pbotogn^hs  bj 
[  Ac  ipecliMD  of  At  miaUe  star  Algol,  tbe  ligbt 
s  a  periad  of  Taiiatiaa  of  aboM  69  hocirs,  show  that  tbc 
t  el  ihe  ertrcine  viofet  and  exticme  red  rise  and  faO 
fy.  peoting  that  Aok  is  no  rdatiTe  retardalioa  be- 
Kae  aaierial  tae^  the  Tcloatr  of  light  o£ 
1  diSen  coasidcfabfy.  tGdKlsoo  found  the 
r  of  btne  Bflbt  m  earhoD  bwolplride  to  be  i^  per  cent,  less 
diaa  that  of  led.  In  gases  ihs  dtbraax  is  ti)>pf»rcciable. 
Li^  rcjdta  ike  cai4  fna  tk  boob  m  AoM  me  second  aad  fion 
A  tmaO  fnBii  kss  bcca  found  in  the 


hypotheses,  such  as  thai  of  Descartes,  light  is  tbe  effect  of  a  pm* 
sure  iastaotaoeoasly  transmitted  Ihnx^  a  nnirersa)  median). 
The  fact  that  the  (fistautance  prodnong  light  has  a  finite  \-do:ity 
shows,  however,  (hat  it  b  doe  to  mitnn,  not  to  a  static  pressure 
The  radiation  from  sndi  bodies  as  the  sun  heats  substances  on 
which  it  falb.  and  amy  produce  cfaeoucal  changes  or  clectriul 
tffwU,  which  abow*  that  a  COOtinaout  stream  of  eoergv  Sows  from 
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EUDOUS  sources.  According  to  our  experience,  there  are  only 
D  ways  in  which  energy  may  be  transferred — by  the  actual  pro- 
n  of  material  bodies  through  space  or  by  the  transmission  of 
Ibrations  or  pulses  through  a  stationary  medium,  as  illustrated  by 
different  types  of  wave  motion.  Consequently  there  have  been  two 
rival  theories  regarding  the  propagation  of  light,  the  emission 
theory  and  the  undulatory  or  wave  theory. 

401.  Emisnon  Theory.  Sir  Isaac  Newton  believed  that  light  is 
due  to  the  emission  of  luminous  particles  ("corpuscles")  from 
the  source.  He  appears  to  have  adopted  this  hypothesis  chiefly 
because  it  explained  the  rectilinear  propagation  of  light,  for  which 
the  wave  theory  seemed  inadequate.  Newton  showed  by  pris- 
matic analysis  that  white  light  is  a  combination  of  many  different 
colors.  He  attributed  difference  of  color  to  difference  in  size  of 
the  corpuscles  exciting  luminosity. 
The  emission  theory  satisfaciorily  ex- 
plains reflection  if  we  suppose  Ihe  cor- 
piucles  to  behave  like  elastic  spheres, 
li  such  a  sphere  strikes  a  reflecting 
nuface  at  an  angle  t  with  the  normal 
(Fig.  310)  the  tangential  component  v 
of  its  velocity  will  not  be  changed.  If  , 
the  magnitude  of  the  reflected  compo-  Fio-  111. 

nmt  ■>  is  imaliered,  it  follows  tbat  the 
(ingle  r  of  reflection  is  equal  to  the  angle  i  of  incidence. 

Refraction  is  also  explained  if  we  assume 
that  matter  attracts  these  particles.  They 
will  then  be  subjecl  lo  a  normal  accelera- 
tion as  they  approach  the  boundary,  while 
the  tangential  component  of  velocity  is  un- 

changed  (Fig.  an).     If  the  medium  offers 

no  resistance  to  Ihc  motion  of  the  corpus- 
cles (that  is,  if  it  is  transparent)   it  fol- 
lows that  the  increased  velocity  should  be 
y^  maintained  after  entering  the  second  me- 

1  dium,  and  that  Ihc  velocity  of  light  should 

\  be  greater  in  more  refractive  media  than 

I  \  air  than  it  is  in  the  latter.     The  experiments 

\  o£  Foucautt,   Michelson,   and   others  show 

Fio.  III.  that  the  opposite  is  (rue  in  all  cues  tested. 

This  is  one  grave  objection  to  the  emiaaioa 
Furthermore,  if  matter  attracts  light  corpuscles,  it  would  be  dJffiaJtJ 


346  UGHT. 

10  account  for  the  enormoiu  cicpulsive  forces  required  to  project  tbe  ptili- 
cits  from  luminous  sources.  We  sbonBd  also  expect  the  speed  of  the  pi:- 
tides  10  vary  wilb  the  nature  and  aclivitj'  of  tbe  source  ;  tnd  jrel  the  veiadQ 
of  light  from  a  candle  appears  to  be  tbe  same  as  that  from  the  sun. 

402.  Newton's  Blngs.  In  1663  Robert  Boyle  described  the  bril- 
liatit  colors  observed  in  soap  bubbles  and  other  thin  &lnis,  an 
effect  which  appeared  to  depend  solely  on  the  thickness  of  tht 
films,  not  on  their  nature,  Hooke  made  similar  observations,  whicil 
led  him  to  believe  that  the  effect  is  due  in  some  way  to  an  ii 
action  between  the  light  reflected  from  the  upper  surface  of  the 
film  and  that  from  the  lower  surface.  About  1672  Newton  in- 
vestigated this  phenomenon,  which  he  tried,  with  poor  succe«, 
to  explain  in  terms  of  the  emission  theory.  In  order  to  secure 
a  thin  film  of  air,  varying  in  thickness  in  a  determinate  manner 
from  point  to  point,  he  pressed  a  convex  glass  lens  of  great  radius 
of  curvature  against  a  piece  of  plane  glass.  If  light  falls  norma!!)' 
on  such  a  combination.  light  of  a  given  color  is  found  t< 
rellected  in  a  greater  proportion  than  the  other  colors  from  all 
points  where  the  film  has  a  given  thickness,  the  predominant  color 
varying  with  the  thickness.  As  the  loci  of  points  of  equal  thickness 
form  circles  about  the  region  of  contact,  colored  rings  are 
served  coneenlric  with  this  point.  These  have  been  called  New- 
ton's rings,  or  the  colors  of  thin  plates.  Colored  rings  are  I 
wise  observed  in  the  transmitted  light.  These  are  not  so  briltianl. 
however,  as  those  due  to  the  reflected  light,  as  the  transmitted 
colors  are  mixed  with  a  large  proportion  of  unmodified  white 
light.  The  colors  in  the  two  sets  of  rings  are  complementai 
that  is  to  say,  the  light  transmitted  through  a  given  point  is  white 
deprived  of  the  color  which  is  most  strongly  reflected  from  that 
point.  If  monochromatic  light  is  used  the  rings  are  alternately^ 
dark  and  of  the  color  used.  In  a  wedge-shaped  film  these  bands 
arc  parallel  to  the  edge  of  the  wedge;  in  a  film  of  imiform  thick- 
ness circular  bands  are  produced  under  certain  conditions,  uniform 
color  effects  under  others.  These  colors  of  thin  plates  are 
in  all  kinds  of  thin  transparent  films,  such  as  soap  bubbles,  filos 
of  oil  on  water,  and  thin  sheets  of  mica. 

Newton  attempted  to  eiplaio  this  phenomenon  by  assuming  that  tbe  ligbt 
lianicks  were  put  into  "  fits  of  easy  refleclion  or  of  easy  transmission 
the  reaction  on  them  of  the  waves  set  up  in  matter  or  in  a  surroundinC 
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etbtrcal  medium  by  the  impact  of  (he  particles  on  Ihe  surface.  Such  an 
eaptanation  is  maniteBlly  very  artificia!,  and  could  hardly  have  satisfied 
Newton  himself ;  but  to  his  mind  there  seems  to  have  been  a  greater  diifi- 
eulty  in  accepting  tbe  wave  theory,  which  had  been  more  or  less  vaguely 
suggested  by  various  persons,  and  first  clearly  formulated  by  Huyghens,  a 
contemporary.  Newton  observed  thai  water  waves  pass  around  obstacles 
without  sendble  disturbance,  casting  no  shadows,  and  tbat  sound  shadows 
arise  only  under  exceptional  circumstances.  Reasoning  by  analogy  he  could 
not  see  why  h'ght,  if  due  to  wave  motion,  should  not  travel  around  corners 
imtead  of  in  straight  lines.  He  noticed,  however,  that  sound  waves  had  a 
ereater  tendency  than  water  waves  to  cast  shadows,  and  If  be  had  carefully 
observed  the  behavior  of  small  waves,  such  as  ripples  on  water,  his  objec- 
(ions  to  Ihe  wave  theory  would  probably  have  been  removed.  While  large 
water  waves  pass  around  a  pile  or  other  comparatively  small  obstacle,  ripples 
are  effectually  stopped,  passing  Ihe  object  on  each  side  without  reuniting ; 
there  ia  a  well-defined  region  of  no  disturbance,  or  shadow.  Similarly, 
sounds  of  high  pitch,  due  to  very  short  waves,  cast  well-defined  shadows. 
Again  and  again  Newton  seems  to  have  been  attracted  by  Ihe  undulalory 
theory,  but  his  final  accqilance  of  it  was  prevented  by  the  fact  of  rectilinear 
propagation. 

403.  Wa78  Theory  of  Light.  Huygliens  distinctly  formulated 
this  theory  about  1678.  He  believed  that  space  is  filled  with  a  rare 
medium,  the  ether,  through  which  the  waves  are  propagated  from 
luminous  bodies.  This  theory  accounts  without  any  difficulty  for 
Ihe  ordinary  phenomena  of  reflection  and  refraction,  btit  was  not 
acceptable  to  Newton  for  the  reason  above  stated.  Huyghens' 
ideas  will  be  further  elaborated  in  discussing  the  work  of  Young 
antl  Frcsnel. 

404.  Interference.  For  more  than  a  century  after  Newton's 
time  little  progress  was  made  in  the  subject  of  light,  until,  in 
1802,  Thomas  Young  published  a  paper  "On  the  Theory  of  Light 
and  Colors"  in  the  Philosophical  Transactions  of  the  Royal  So- 
ciety of  London.  In  this  he  discussed  optical  phenomena  from 
the  standpoint  of  the  wave  theory,  and  first  called  attention  to  the 
i.ict,  overlooked  by  Huyghens  and  other  advocates  of  the  wave 

'i-'ory,  that  the  effect  at  any  point  of  space  through  which  light 
vjvca  are  passing  is  the  resultant  of  tlie  effects  of  a  number 
of  coincident  individual  waves.  The  magnitude  of  this  resultant 
depends  not  only  on  the  amplitudes,  but  also  on  the  relative  phases 
of  the  component  waves.  It  two  waves  of  equal  amplitude  and 
moving  in  the  same  direction  are  in  the  same  phase  the  displace- 
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nient  at  any  point  is  the  sum  of  the  intUvidual  displacements,  and 
the  energy,  which  is  proportional  to  the  square  of  the  amplitudt 
is   four  times  as  great  as  in  a  single  wave.     If  the  waves  i 
opposite  in  phase,  the  resultant  amplitude  and  energy  at  any  point 
are  *ero.    This  effect  Young  called  the  "  interference  "  of  light 


He  showed  lb*t  the  colors  of  thin  plates 
by  taking  this  inlo  account.  Consider  for  ex 
ncss  t,  on  which  lieht  falls  nurmaliy 


be  very  simply  eaipluael 
e  a  thin  air  £lm  of  thick. 
).  A  pDrlion  of  [be  li 
will  be  refieclcd  at  the  first  surface  alciig  AS 
(Fig.  Ill)  and  another  portion  from  the  SttOBil 
boundary  along  CDE,  If  the  surfaces  of  tli( 
film  arc  paraUel  these  two  components  witl 
emerge  parallel  lo  each  other  and  will  i* 
brought  to  a  focus  at  the  same  point  of  ttt 
retina  of  an  eye  E  focused  for  infinity.  U 
the  geometrical  difference  of  path,  which  ii 
evidently  xl  for  normal  incidence,  is  U7 
whole  number  of  wave-Iengihs  of  a  particDlv 
color  and  if  there  is  00  retardation  in  the  K< 
of  reflection  of  either  component,  that  coi" 
will  be  reinforced  in  [he  reflected  light,  beuii 
about  four  times  as  intense  as  in  the  i. 
ordinary  reflection  from  one  surface,  if  ihcsc 
two  components  alone  be  considered;  1 
shown  in  the  figure,  there  arc  a  number  ol 
p,j.   3,,     "^  other  components  FCH,  etc,  which  have  un- 

dergone three,  five,  Etc.,  internal  reflectioai.and 
which  emerge  in  the  same  direction  and  reenforce  the  two  component: 
considered;  so  that  there  is  a  more  than  fouriotd  reenfotcement  of  thll 
color.  If,  however,  the  difference  of  path  between  the  reflected  portieM 
be  an  odd  number  of  half  wave-lengths  the  corresponding  color  will  1* 
subject  to  destructive  interferetiee  and  will  be  greatly  weakened  i 
reflected  light.  For  the  transmitted  components  CH,  FI,  etc.,  it  is 
that  the  geometrical  difference  of  path  is  also  equal  to  2/  for  nomill 
incidence,  so  that  we  should  expect  for  this  reason  a  reenforcement  of  ihr 
transmitted  light  likewise — a  result  which  would  hardly  be  in  coaforniitr 
with  the  law  of  conservation  of  energy.  Observation  shows  that  the  CDH- 
trary  is  the  case,  the  reenforcement  of  a  color  reflected  from  a  given  V 
always  corresponding  to  a  weakening  of  the  color  transmitted  it  ihit 
point.  Young  showed  that  this  remarkable  fact  is  due  lo  a  loss  ol  lim' 
of  one-halt  period  in  one  of  the  reflectiona.  For  a  more  complete  ditcoi- 
sion  of  the  colors  of  thin  films  ace  i  459. 
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Ms.  Toong's  Experiment.  Young  also  devised  a  simple  experi- 
rt  which  may  be  regarded 
a  crucial  test  of  the  wave 
Light  diverging 
I  the  slit  5  (Fig.  213), 
acts  as  a  primary 
passes  through  two 
r  slits  S,  and  S,  very 
together,  which  act  as 
ladary  sources.  If  a 
n  be  placed  beyond  these 
s  of  colored  and 
bands  parallel  to  the 
1  will  be  observed  on  it. 
'  one  of  the  shts  is  cov- 
Bmed  the  bands  disappear. 
This  shows  that  they  are  the 
resultant  effect  of  two  super- 
imposed pencils  of  light  alternately  i 
interfering  with  each  other. 

Il  is  easy  lo  repeat  Young's  experiment  by  mling  two  narrow  ilili 
very  dose  togrlber  on  a  developed  pb olographic  plale  and  looking  through 
these  slits  al  a  distant  elect  He  light.  Tbe  explanation  !l  M  followi : 
Throng  the  slila  S.  S,,  and  S,  the  wave  disturbance  propagates  itself  in 
all  directions  iieyond  tbe  respective  screens  in  gcmi-cylindrical  waves 
baving  these  slits  as  axes.  That  this  is  tbe  case  may  be  seen  by  holding 
a  white  screen  in  front  of  such  a  narrow  slit  on  which  light  falls.  Il  will 
be  seen  that  Ihe  transmitted  light  does  not  pass  in  s  narrow  pencil,  but 
actually  diverges  very  considerably  from  Ihe  axis  of  the  pencil,  the 
amount  of  divergence  increasing  as  the  slit  is  narrowed  (i  468).  Similarly 
it  may  be  shown  that  if  an  extended  water  wave  or  ripple  in  a  mercury 
surface  strikes  a  screen  with  a  small  opening  in  it  circular  waves  will 
diverge  from  this  opening  as  a  center,  the  most  intense  ellect,  however, 
occurring  along  the  axis  SP^  There  are.  consequently,  when  two  slits 
arc  used,  two  seta  of  semi -cylindrical  light  waves  diverging  from  Iheie 
slits  and  crosaing  each  other,  as  shown  in  Fig.  21J.  Along  SP,  every 
point  of  which  is  equidistant  from  Si  and  S,,  waves  of  all  lengths  from  the 
two  sources  wilt  always  meet  in  the  same  phase,  and  there  will  be  a 
f  white  light  an  the  screen  at  fV  Along  the  dotted  line  ending 
the  distances  of  any  given  point  from  the  sources  differ  by  half  a 
length;    (here    is    destructive    interference    along    this    line    and    a 


enforcing  and  destructively 


i 
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minimum  for  the  corresponding  color  at  Pi.  Along  the  line  ending  at  Ft 
the  difference  between  the  distances  of  any  given  point  from  the  sources 
is  a  whole  wave-length  so  that  along  this  line  waves  of  the  same  length 
meet  in  the  same  phase  and  there  is  a  maximum  for  the  corresponding 
color  at  P,.  At  any  point  Pn  for  whidi  SiPm  —  5'aP|»  =  fiX  (»  being 
any  whole  number)  there  will  be  a  maximum;  where  SiPm^^SJPm 
=  ^(2n4-  i)^  there  will  be  a  minimum.  It  is  evident  thmt  these 
lines  of  maximum  and  minimum  effect  are  hyperbolas  hftvinc  Si  and 
Sa  as  foci.  It  must  be  noted  that  this  effect  is  dependent  on  t 
succession  of  waves  through  Si  and  St,  The  first  wave  from  S  throoili 
5*1  reaches  Pi  at  the  same  instant  that  the  second  wave  from  S  t^r^n* 
5*3  reaches  that  point.  If  only  one  wave  were  to  come  from  S  the  leaaltiat 
single  waves  from  5*1  and  Sa  would  reach  P  at  different  instants  nnd  eodM 
not  interfere. 

If  x^P^Pt  is  the  distance  between  maxima  of  a  given  wi:¥e4eagtiif 
Lo  =  AP9  the  distance  of  the  screen  from  the  slits,  b^SA  the  distance 
between  the  slits  (Fig.  214),  and  if  we  assume  the  angle  at  P  to  be  a 


Fig.  214. 

right  angle  (this  is  very  nearly  true  if  b  is  very  small)  we  have  very  nearly 

b  :  X  =  Lo  :  x 


since,  because  the  angle  a  is  very  small,  Lq  is  very  nearly  equal  to  l* 
Therefore, 

o 

This  expression  gives  the  width  of  a  band  of  wave-length  X.  For  a 
given  screen  distance  this  width  is  directly  proportional  to  the  wave- 
length and  inversely  proportional  to  the  distance  between  the  slits. 

These  results  may  be  illustrated  by  other  kinds  of  waves.  For  example, 
Fig.  215  shows  that  the  circular  stationary  waves  produced  by  the  inter- 
ference  between  the  ripples  set  up  in  a  circular  vessel  containing  mercury 
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by  s  glass  fiber  fastened  (o  the  prong  of  a  vibrating  fork  wiih  the  ripples 
rcHeclcd  from  the  sides  of  the  vessel.  In  Fig.  aifi  is  shown  tbe  effect  pro- 
duced when  fibers  from  both  prongs  simultaneously  set  up  ripples  from  the 


■  .J,  and  5",.  There 
hxperbolas  about  S,  sod  S, 
sound  waves  set  up  by  a  v 


the  s 


a  by  n 


of  £ 


of  no  disturbance  forming  a  family  of 
ilar  experiment  may  be  performed  with 
E  high  pitch  passing  through  two  open- 
mum  disturbance  may  be  found  beyond 


406.  Relation  between  Color,  Wave  Length,  and  Freqnenc;.  If 
white  light  falls  on  the  slits  the  inner  side  of  each  band  ia  violet, 
the  outer  side  red.  This  shows  that  the  wave  length  is  different 
for  light  of  different  colors,  and  that  the  wave  length  of  violet 
light  is  less  than  that  of  red.  The  centra!  band  is  of  course  white, 
as  all  colors  have  a  maximum  at  this  point,  regardless  of  their 
wave  length,  From  the  relation  n\^V  (§  337)  where  n  is  the  fre- 
quency of  vibration,  \  the  wave  length,  and  f  the  velocity  of  light, 
it  is  evident  that  when  f' changes  either  b  or  X  or  both  must  change. 
If  Young's  experiment  be  performed  in  a  medium  such  as  water, 
it  is  found  that  the  width  of  the  bands  in  water  is  to  their  width 
in  air  as  the  velocity  of  light  in  water  is  to  that  in  air.  Hence 
xyx  =  yyy,  and  «  is  constant.  It  is  a  matter  of  common  ex- 
perience that  the  color  of  a  beam  of  light  does  not  change  when 
it  enters  water,  hence  frequency  rather  than  wave  length  deter- 
HODes  color.     Color  is,  therefore,  analogous  to  pitch  in  sound. 
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407.    Interferenca  Effaeta.    Fresnd,  a  young  French  artillery 
officer,  about  1815,  produced  these  effects  by  light  diverging  from 

a  slit  S  and  reflected  from 
*^^  two  adjacent   mirrors  MM 

inclined  at  such  a  great  angle 
.  so  as  to  be  almost  in  the 
same  plane.     As  shown  by 
Fig.  217,  the  light  arriving 
at  any  point  P  where  the 
pencils    overlap    appears  to 
come  from  two  virtual  sour- 
ces 5*,  and  5*^  the  effect  of  which  is  precisely  the  same  as  that 
of  the  two  real  sources  in  Young's  experiment     (The  term  virtual 
source  applies  to  a  point  from  which  the  waves  appear  to  diverge 
without  really  originating  at  that  point). 


Fia  J17. 


9^^.......«..^ 


Fig.  a  1 8. 


Fresnel  also  produced  inter- 
ference effects  by  the  use  of  a  bi- 
prism  B  equivalent  to  two  prisms 
of  very  small  refracting  angle 
placed  base  to  base  (Fig.  218). 
Here,  again,  it  is  evident  that  the 
transmitted  light  appears  to  come 
from  the  two  virtual  sources  Si  and  5*2. 

Another  method  of  obtaining  similar  interference  effects  is  by  means  of 
a  convex  lens  L  cut  along  a  diameter  in  two  halves  which  are  sligbtly 
separated,  giving  two  real  or  virtual  images  of  the  source,  from  which  the 
waves  diverge  and  overlap.    This  is  known  as  the  Billet  split  lens  (Fig.  219)' 

The  interference  effects  due  to  Lloyd's  single  mirror  (Fig.  220),  tre 
caused  by  waves  coming  respectively  from  the  real  source  ,9  and  the 
virtual  source  Si.  The  fringes  are  easily  obtained  by  reflecting  the  ligb^ 
from  a  narrow  slit  or  lamp  filament  at  grazing  incidence  from  a  mirror 


Fig.  219. 

of  black  glass,  in  order  that  the  effects  may  not  be  complicated  by  reflectioft 
from  the  rear  surface. 


of     th«    O-I^gis 


It   is    t&ss    fct 


about    o-e-iccf*    c=-    i=ii  -•  ::.  .=r 

of  the  Tiolet  2=c-=t  :.:•:■:: 4^  =:. 

401  The  Ether.     7c    2:r:::r:   ::r    -ii   z-ir:.-^:::..- - 
'^^toogh  space  occ:a:r:r:g  =•:   rrrrxrr  T=L=tr  =   sr-jz_-  inr    -- 
*^  assume  the  existence  c:  i  zn:-f^L  -!i-:::=r   £1.-^   lI    :■■- >  ■ 
^tld  even  interpenetrsdne  niriir  :Ti-iJi  l?  j^:-^-!  :-  iii*  ^m.-.--   • 
^^transparent  substances-    7"^^:  '-—:  — •rn=  rm  rrtr:  :i  r::.-^-.- 
^  shown  by  the  fact  ths:  niim:  in-frrj  i^  r-L=.Fn:-r -:  i— .-n  -/.:  - 
to  matter  in  the  case  c:  irs-irr-in^  ir:  fr:i=.  -ra-ir  r;   -."z-   .: 
tlic    case   of   emissior.    cf    niiirrn    tj    tnirinL    =.:ir;-.=.     T :. 
Itiedium  appears  to  te  like  a  ;*"y  in  tn*  rtfi-^r:  tj:2-t  r:  v-7  — .s  :  ■ 
Hiit   transverse   but   not   ;cng:n:l:nil   tit*:*,     "'t    -'lt.    izi-" 
properties  only  from  optical  aT:!  •li-rtriril  -.  z  ^rzi'.'^ ^^z.    «.;   .: 
not  tangible  or  \-isible:  but  it  niiy  :e  rn*?:::n^:  -bt-Jitr  iht-  \. 
the  effect  of  light  waves  as  they  strike  the  rttini  i=  n::  c.5  I't.- 
evidence  of  the  existence  of  the  c:h,tT  as  a  :".:Tr  -c--^  i  -.l^':  .: 
evidence  of  the  existence  of  matter. 

409.  Hny^eiui'  Princqile.  Huyehcns  Lssnm^d  tnit  l  -ri- 1  .: 
propagated  by  ever>'  point  of  the  niedi-n:  in  a  ttit*  frtnt  «..-  -  / 
as  a  new  center  of  disturbance.  The  resulting  -k-it*  fr'.nt  :;  v- 
enveloping  tangent  plane  to  the  wavelets  st^rtin^  :r:-n  ''r.tvt 
centers,  as  shown  in  Fig.  221.  While  Kuy^rhens  cv:cen:!y  :',-.. 
sidered  the  wave  front  as  a  resultant  effect  due  to  a!I  tht=^t  :  '.- 
tributing  wavelets,  he  does  not  seem  to  have  had  a  c!ear  ic-ta  ^.i 
the  destructive  interference  between  wavelets  at  points  where  thr.- 
meet  in  different  phases.  This  conception  seems  to  have  first 
occurred  to  Young,  and  later  but  independently  to  Fresnel. 

Huyghens'  principle  is  easily  illustrated  experimentally,  as  shown  in  Fig. 
2x3.  The  only  element  of  the  wave  incident  on  the  screen  which  has  an 
opportunity  to  affect  the  medium  beyond  the  latter  is  that  which  is  inci- 
dent at  the  opening  5*,  so  that  beyond  the  screen  the  undisturbed  effect 
of  this  element  may  be  observed.  In  such  a  case  a  series  of  semi-circular 
waves  diverges  from  the  opening  on  the  surface  of  a  liquid,  or  a  series  of 
hemispherical  waves  in  the  case  of  sound  or  light  disturbances  passing 

24 
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■lirciiiiih  ■  ainill  drculnr  opening.  The  ampliludi 
ltrp«ici(  ilonB  iIib  normal  lu  ibe  screen,  gradually 
ilile  of  llie  aali. 

lly  ilia  application  of  Huyglicna'  principle  it  i*  easy  to  ahow  why  ■■*« 

liaMlna   tliTOugh   an   opening  amall    in   companion    witli   Ae    Iraili 

■llvTrRC  til  all  dirrctlona,  while  waves  passing  through  an  openios  laijE  ii 
uniiiparlion  with  ihr  wave-length  travel  in  a  tiraight  "  beam,"  u  in  tk 
I'MMi  of  llie  ao-callcd  rtclitinear  propagalion  of  tight. 

410.  Bitinded  Wave  Front.     The  points  a,  b,  e,  etc.,  between 
.(  unil  H  (l"i|{,  jji)  taken  as  close  together  as  we  please,  act  « 
i-eiitcrs   of    disturbance.      Along    the   tangent 
[ilnne  A'B'  the  different  waves  are  all  in  the 
li.iinc  phase,  and  each  point  in  this  new  tan* 
ftft'    Kent  plane  fcccoines  a  new  center  of  dislurb- 
iiticc,  so  tliut  the  resultant  wave  travels  for 
ward  as  rapidly  as  the  disturbance  is  propa- 
|{aled    from    point    to    point    of   the    mediuni 
The  wnves  move  forward  without  hindrance, 
beciuae  there  is  no  existing  displacement  lo 
•  oppose   them;    they  do  not   travel   backward, 
because  there  is  a  force  due  to  the  existing 
ditplaccmcnC  on  the  side  from  which  the  wives 
t^  iji.  come  Biiflicienl  to  nullify  the  backward  com- 

ponent of  the  displacement  due  to  each  succes- 
•Ivc  center  of  disturlMmce,  It  is  like  the  propagation  of  a  shove 
tliroti|th  a  line  of  people,  or 
o(  ela»lic  sphere*  of  the 
siimQ  nin**  ami  elasticity; 
that  In  fn.mt  is  not  bracc<j 
lu  wlihiland  the  impulse, 
while  (he  reaction  on  the 
one  communicating  the  ii«- 
pacl  is  expendetl  in  over- 
coming the  forward  mo- 
mentum of  the  one  behind  it. 
til.  WaTM  Uironcti  Laig* 
Op«alnf.  The  points  a.  h.  e. 
X,.  In  Ihr  wave  (lunl  AB  iFig. 
t)  act  M  ceolcn  of  diiturtn 
■  and  propagate  wavelet*  to 
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I  lurfacc  A'B'.    It  U  rrUenl  from   Ifae  Ggar«  tbat  only  thet* 

'iltti  beiweeo  tbe  lioes  i1^'  and  BB'  conipite  in  s  eo^BM  wave  fnM, 

lidc  of  these  lines  the  wiveleu  crou  each  other  !■  all  JimUuMi  tmt 

lU  pouible  phases  at  random,  so  thai  the  renllAM  iBWlllll  li  k  rTf 

5pt  in   the   imin«iiatc  neiEbborhood   of   AA'  «ad   BV,   wbcra  «cftab 

raction  etlecls  are  produced  which  will  be  diKtMMd  Uttr  (I  4A5). 

12.  Wftves  throngti  StnaU  Openlox.    From  Fig.  12%  it  ■■  dear  Ibsl  ■• 

ositioa    of    phase    belween    the 

nenlarj'  waTclrls   froin   a,   6,   e, 

.  can  ariic  until  tbe  point  P^  it 

:Iicd,   where   tbe   difference   be- 

pl  AP,  and  Bf,  is  half  a  wave< 

■t  and  even   then  tbe  dltturb- 

I  from   the   extreme  points   A 

9  alone  are  in  opposite  phase. 

rwhen  this  difference  of  path  is  A 

hole   wave -length    can    complete    ^ 

nictioa   arise.     In   this  case   we    , 

tliat  the  disturbances  from  the 

j^cs  of  the  opening  reach  P,   E 

Bi  average  difference  of  path 

H  a  wave-length,  so  that  the 

9ctl  nullify  each  other  pair  by 
If  Ihe  slit  is  less  than  a  wave- 
lb  in  width  some  effect  is  pro- 

d  nca   at   tbe  point   P^    Hie 

L!*  evidently  always  greatest  at 

Here  the  wavelets   meet   very 

pi  in  the  same  phase,  and  least 

\  where   there  is   the  greatest 

nity  of  phases  (see  1 468).  "^  "■•' 

3.  PolBllxkUoil.    In  Ibe  case  of  sound  wares  the  displaccmcnl  of  the 

Uing  medium  is  longitudinal,  or  io  the  diieclioii  of  ibe  propagation  of 

JMte.  In  a  stretched  wire  the  vibrations  may  be  longitudinal  or  lisns- 
liqtiids  there  is  a  combination  of  longitudinal  and  Uana- 
,  as  illustrated  by  the  rotary  motion  of  particles  in 
ViTcs.  Young,  having  in  mind  tbe  analogy  with  sound,  aceoia  Io 
iMiIly  asmmcd  at  first  that  the  displacement  of  ether  in  light 
is  longitudinal.  ^^'hi!e  this  assumption  involves  no  contradiction 
lq»ertmental  results  when  applied  to  reflection,  refraction,  and  inter- 
im it  fails  as  completely  as  tbe  emission  theory  in  tbe  explanation  of 
^gl  known  as  double  refraclion  discovered  by  Barlboliuus  in  1669  and 
bvcMigated  in  more  detail  by  Huyghens  (see  I  SI9).  Newton  con- 
from  these  phenomena  that  light  la  so  modified  by  passing  through 
ly-refracting    crystal    that    its    properties    are    not    the    same    in    all 
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BooMnofl  »f  jnMr  irfnctiaa  aad  tkat  gf  ^ohriratiaB  (I  519)  T«H|  mI 
latcj  FrcMd  rnirtiiltJ  d 

pohfMed  fi^O. 
416.  li^ew  •CUiU  * 

I    &e  tfrst  of   •   TialcBt   iK>t»>**  " 
I  dtker  a 

(ff  ai  *i)  integr*!  put. 

imtuit  tluir  nuXioa  to  die  tiuioiiaJiaK  ttkrt  i»  bbA  the  C 
ribntiDg  tiiDtng  fork  generate*  aoa 
From  the  eviileiice  dow  before  i 
voricins  hrpothesii  thai  tigbt  is  due  lo  ■  trancTcne  <mie 
fcful  medium :  thai  the  different  colon  correspond  to  differecit  wiw- 
lengtlu  (or,  more  properly,  to  diSeteni  rales  of  vibration)  :  that  w 
lengtlis  travel  with  the  same  TClodtj  in  free  space,  but  with  diStnpl 
velodtiea  in  matter;  that  these  waves  are  excited  by  the  vibration*  of  i' 
particles  of  material  sources,  these  particles  being  molecules  or  atoms  (<" 
in  some  cases  even  smaUer  bodies)  ;  that  these  particles  in  genera]  Tibl" 
in  different  planes  and  directions,  and  that  the  vibrations  i 
particle  roayconjtanllj  change  in  direction;  that  each  vibrating  partifl' 
■ends  out  into  the  ■lurounding  medium  s  series  of  waves  vibrating  in 
tame  plane  ai  the  particle,  so  tliat  ordinaiy  white  light  consists  of  a  mi) 
of  waves  of  many  lengths,  the  resultant  vibrations  being  in  a  plw 
right  angles  to  the  direction  of  propagation,  successive  trains  of  wff' 
having  different  planes  of  vibration :  and  that  by  double  refraction  '' 
reflection  we  may  sift  out  component  vibrations  in  a  given  plane, 
produce  what  is  called  polariied  light.  It  will  be  found  that  til  ■" 
experimental  facts  to  be  considered  later  are  in  harmony  with  tlK" 
aimmplions. 
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We  shall  next  consider  reflection  and  refraction  from  the  stand- 
point of  the  wave  theory.  It  will  be  found  that  these  phenomena 
can  be  explained  in  a  much  clearer  manner  by  this  method  than 
by  that  of  "geometrical  optics"  in  which  it  is  assumed  that  light 
travels  in  straight  lines  called  "  rays  "—  an  idea  more  consistent 
with  the  emission  than  wilh  the  wave  theory.  In  the  following 
pages  the  word  ray  will  often  be  used  as  a  matter  of  convenience, 
meaning  thereby  merely  a  normal  to  the  wave  front,  vihich  indi- 
cates the  direction  in  which  the  wave  is  moving  at  the  point  con- 
sidered.    This  definilion  applies  only  to  isotropic  media  (§  163). 


REFLECTION. 
116.  ReSectiou  from  a  Plane  Surface.    A  wave  diverging  from 
e  source  S  (Fig.  224)  falls  on  a  plane  mirror  MN.    If  the  mirror 


E 
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'e  absent,  the  wave  would  at  a  given  instant  occupy  the  position 
\MPSB.  Wilh  the  mirror  in  place,  each  element  of  the  original 
wave  when  it  reaches  ihe  mirror  becomes  the  center  of  a  re- 
flected wavelet,  just  as  it  would  have  contributed  a  wavelet  from 
same  point  to  form  the  resultant  wave  MPN  if  the  mirror 
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were  absent.  If  therefore  a  number  of  circles  tangent  to  MPN 
be  described  about  centers  a,  h,  c,  etc,  on  MCN  ihey  must  touch 
both  the  imaginary  wave  MPN  and  the  reflected  wave  MQN,  The 
arcs  MPN  and  MQN  are  evidently  similar  and  equal  and  have 
equal  radii  of  curvature.  If  S^  is  the  center  of  curvature  of  the 
reflected  wave  SC  =  CS^,  the  line  SS^  is  normal  to  the  mirror, 
and  S^  is  as  far  behind  the  latter  as  S  is  in  front  of  it  If  the  eye 
is  at  E,  any  point  reached  by  the  reflected  wave,  the  pencil  of  light 
entering  the  pupil  will  be  focused  on  the  retina.  As  the  vertex  of 
this  cone  is  virtually  at  S^,  the  image  of  the  source  will  appear  to 
be  at  that  point.  From  the  diagram  it  is  evident  that  the  angles  f 
and  r  are  equal. 

417.  FocuB.    The  source  or  center  of  curvature  of  a  family  of 

waves,  either  divergent  or 
convergent,  is  called  a  focus 
— literally  a  hearth  or  source 
of  radiation.  The  point  S 
from  which  the  waves  ac- 
tually come  is  called  a  real 
focus;  the  point  S^  froni 
which  they  appear  to  come 
is  called  a  virtual  focus.  The 
points  S  and  S^  are  conju- 
gate foci.  Since  the  conju- 
gate focal  distances  in  the 
case  of  a  plane  mirror  are 
equal,  it  is  evident  that  if 

the  mirror  be  displaced  a  given  distance  parallel  to  itself  the 
image  will  be  displaced  twice  that  distance. 

418.  Images.  If  A'B'  is  the  image  of  AB  (Fig.  225),  it  may  he 
shown  as  above  that  the  image  of  each  point  is  as  far  behind  the 
mirror  as  the  point  itself  is  in  front,  and  on  the  same  normal;  and 
that,  consequently,  the  image  and  the  object  are  symmetrically 
placed  with  respect  to  the  mirror  and  of  the  same  size. 

419.  Multiple  Reflection.  Fig.  226  shows  how  these  images  are 
situated  in  the  case  of  multiple  internal  reflection  from  surfaces 
AB  and  CD  parallel  to  each  other.  The  position  of  these  images 
is  readily  determined  by  the  fact  that  the  image  of  the  first  order 
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^'^i>\    surface  is  as  far  behind  the  s-jriace  as  the  source  ;j  :r. 
^^    «aid  on  the  same  nonnal  to  the  sarface.    The  two  images  of 
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"Vie  second  order  are  fixed  in  the  same  waj,  b;  considering  the 
linages  of  the  first  order  to  be  the  sources,  and  so  on  otf  infinitum. 
Ht  is  ea^  to  see  that  when  the  mirrors  are  inclined  at  an  angle  a 
[fig.  32y)  there  are  multiple  images  of  the  mirrors  as  indicated 
if  ibe  dotted  lines,  and  that  the  successive  images  are  symmetri- 
cally placed  on  each  side  of  each  mirror  image  and  located  in  a 
drcle  about  the  point  of  intersection  of  the  mirrors. 

<S0.  BsflaetioB  tton  Onrred  SnrfacM.  If  a  wave  is  reflected 
from  a  curved  sarface  the  curvature  of  the  reflected  wave  is 
changed,  nnless  it  exactly  conforms  to  the  mirror  surface  at  inci- 
dence. Experience  shows  that  only  in  a  few  cases  is  the  re- 
flected wave  spherical  or  approximately  so,  and  only  in  such  cases 
can  a  definite  image  be  formed.  The  ordinary  type  of  curved 
mirror  is  that  with  a  spherical  surface.  The  reflected  waves  are 
approximately  spherical  if  the  diameter  of  the  mirror  is  small 
compared  with  its  radius  of  curvature.  In  order  to  determine  the 
position  of  the  center  of  curvature  and  the  conjugate  focal  rela- 
tions for  spherical  mirrors  a  very  simple  mathematical  relation 
b  all  that  is  required. 


iBchdol  hetweca  tbe  afc  tai  ibe 
chord  AB  =  xt  is  caOcd  (be 
B^ita  of  ibc  att. 


■■=»■+ (r-rt■ 
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1 1  15  found  tbal  if  the  ang'.e 
three  dcErees,  tbe  mirror  vti'A  gire  a  well-defined  imace.  If  the  aoguli' 
aperture  21  of  the  mirror  is  greater  tbaa  four  or  five  degrees  spbcrical 
atieTTalion  beromcs  noliccable  (9437).  For  all  miTTon  whicb  give  tads- 
Caciory  images  x  intj  Lc  neglecteil  in  comparison  with  r,  or  coi  H 
regarded   as  equal   10  unity,  M  tbat   within  the  limits  of  em>n  o(  me*>- 


422.  ConcftTe  Uiiror     The  source  is  at  a  distance  11   from  i 
:oncavc  mirror  MS  (Fig.  229)  with  center  of  curvature  at  C  and 
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radius  r.  The  waves  incident  on  the  mirror  have  a  radius  of 
curvature  v,  with  a  sagitta  AB.  Reflection  begins  at  M  and  iV 
while  the  vertex  of  the  wave  has  still  to  travel  the  distance  BD 
before  reSection  begins.  When  the  vertex  reaches  the  mirror  the 
edges  of  the  wave  have  travelled  a  distance  BD  ^  AD  —  AB  along 
MS,  and  US,.  If  the  reflected  wave  is  spherical  it  must  have  a 
de^nite  center  of  curvature  5",  and  radius  v,  with  sagitta  DE.  At 
the  instant  when  relleetion  begins  at  D  the  incident  wave,  the  mir- 
ror, and  the  reflected  wave  have  a  common  point  of  tangency  at  D. 
If  the  angular  aperture  of  the  mirror  is  so  small  that  the  cosines 
of  the  angles  a,  ^,  and  y  may  be  considered  as  equal  to  unity 
(these  angles  are  exaggerated  in  the  figure  for  the  sake  of  clear- 
ness) we  may  consider  the  portions  of  the  wave  reflected  from 
M  and  N  to  move  parallel  to  the  axis  rather  than  in  the  directions 
iSS,  and  W5..    Hence 

AD  —  AB  =  DE~AD 

AB  +  DE  =  3AD 

It  is  not  convenient  to  measure  sagilt.-c,  but  by  using  the  rela- 
tion developed  in  §421  the  above  expression  can  be  transformed 
into  one  involving  only  the  easily  measured  distances  r,  the  radius 
of  curvature  of  the  mirror,  u,  that  of  the  incident  wave,  and  v, 
that  of  the  reflected  wave.  The  semi-chord  y  has  the  same  value 
for  all  the  arcs  concerned,  so  ihat  the  common  factor  y'/2  may  be 
cancelled  when  y'/2r  is  substituted  for  AD,  with  similar  substi- 
tutions for  BD  and  DE.    The  final  result  is 


The  justification  for  the  somewhat  inexact  assumptions  made 
in  deriving  this  formula  is  found  in  the  fact  that  it  agrees  with 
•experimental  observations  within  the  limits  of  error  of  measure- 
ment. 

A  beam  of  light  is  always  reversible  in  direction,  hence,  if  the 
■ouree  is  at  5„  the  image  will  be  at  S. 

If  the  source  is  at  a  great  distance  from  the  mirror  the  incident 
-.v;ive  is  practically  plane  (parallel  beam),  and  u  is  infinite.  The 
**orrespondiog  value  of  v  is  called  the  principal  focal  distinct  f. 
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S^  is  then  the  prindpal  focus.    The  above  equatioa  then  becomes 

112  ^     r 

— +  ^=-    or    /— - 
CO       /      r  "^2 

hence  the  principal  focal  point  is  half  way  between  the  mirroi 
and  its  center  of  curvature.  The  conjugate  focal  relation  maj  now 
be  written 

m      p     / 
In  general, 

/  r 

m  — /  2if  —  r 

If  M  >  r,  r  <  r. 

If  •i  =  r,  r  =  r. 
If  M  <  r,  r>  r. 
If  •!  =  /.  r=«. 

If  y  <  /,  r  is  a  negative  quantity. 

Fig.  230.  which  illustrates  the  last  case,  shows  that  the  center 
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01  ourvaturtf  of  ihe  reflcctexi  wave  is  behind  the  mirror.  It  is » 
\  irtuAl  tVvus.  sincr  the  waves  do  not  actually  diverge  from  that 
}SMnt.  It  is  clear  that  the  negative  sign  of  r  indicates  this  result, 
sinc^  the  vlistA!*.oe  .*^y. :—  f  is  iDeasiired  in  a  direction  opposite  to 
tlut  in  which  lii:h:  actually  proceeds  after  reflection,  so  that  .the 
r\*rtc\*tc\i  Hjjht  cannot  jvas^  thivngh  the  point  5'^ 

Writers  ditTcr  in  their  cx>n\-en:ions  regarding  the  signs  of  coo* 
itilS^iitr  fix^al  distances  and  radii  of  cur^-ature.  The  most  easily 
reinentbenrtl  and  applied  as  well  as  the  most  consistent  rules  sees 
u>  be  the  folk^wing: 
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(a)  Distances  measured  from  the  source  to  the  mirror  and  from 
the  mirror  in  the  direction  toward  which  the  light  is  reflected  are 
considered  positive. 

(t)  The  radius  of  curvature  of  a  converging  surface  is  con- 
ndered  positive,  that  of  a  diverging  surface  negative. 

From  the  first  rule  it  is  evident  that  a  positive  value  of  v  or  / 
indicates  a  real  focus,  a  negative  value  a  virtual  focus. 
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The  second  rule  is  justified  by  considering  the  case  of  a  convex 
mirror,  which,  as  shown  by  Fig,  231,  has  a  divergent  effect  on  the 
incident  light. 

48$.  Ooavcx  Klrror.  Proceeding  as  in  the  previous  case,  if 
FG  is  the  sagitta  of  the  reflected  wave  and  v  its  radius, 

DE  +  EF  =  FG  —  EF 
DE~FG  =  —  2EF 


where,  provisionally,  v,  r,   and  /,  may  be  considered  as  mere 
magnitudes  affected  with  the  negative  signs  in  the  formula. 

Comparing  this  expression  with  that  deduced  for  a  concave 
mirror,  we  see  that  it  will  become  identically  the  same  if  we 
agree  to  consider  the  radius  of  curvature  and  the  principal  focal 
distance  of  a  convex  mirror  as  negative;  v  is  also  negative  since 
the  reflected  lij^t  is  divei^;ent. 
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The  general  fommla  applicable  to  all  mirrors  is,  therefore, 


i  +  i-i 

u  being  always  essentially  positive,  and  /  to  be  taken  as  positive 
for  a  concave,  negative  for  a  convex  mirror.  When  /=co  we 
have  the  case  of  a  plane  mirror. 

If  we  make  /  negative  in  the  expression  for  v  given  in  §422, 
we  see  that  in  the  case  of  a  convex  mirror  v  is  always  less  than  / 
and  negative.  If,  however,  the  light  incident  on  the  mirror  is 
convergent  to  a  point  at  a  distance  —  u  behind  the  mirror,  v  may 
become  positive;  so  that  a  convex  mirror  may  give  a  real  image 
of  a  virtual  source. 


424.  Geometrical  Method.  The  same  results  may  be  obtained  by  app^' 
ing  the  law  of  plane  reflection  to  "rajrs"  without  any  hsrpothesis  as  to 
the  nature  of  light.   The  ray  SD  (Fig.  232)  will,  as  it  is  incident  normally  at 
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D,  be  reflected  back  on  itself.  The  ray  SP  will  be  reflected  at  P,  » 
that  the  angles  t  and  r  are  equaL  The  intersection  of  these  two  reflet** 
rays  will  fix  the  position  of  the  image  Si.  From  a  well-known  geometrical 
relation  we  have 

SC  _S^'-Cj^_^zi-  —  J'- 

sin  I®  ~~       sin  P  sin  i"*       sin  /3 


C5i         CD—S^D_r  —  v 


V 


sin  r- 


sinr* 


sinr* 


Therefore, 


From  which 


sin)9 


u  —  r       u 


Dividing  through  by  uvr. 


r  —  V       V 


W  +  IT  =  2UV 


u       V      r 
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aumptions  made  in  this  case  arc  that  SD  =  m  and  SiD  =.  v,  which 
'==^i]fikiciit  approximation  to  the  truth  when  the  angles  a,  fi,  and  7 

rraSL 

<£  fomnila  for  the  conjugate  focal  relations  of  a  convex  mirror  may 
-  *Itnl  in  the  same  way. 

■e  CMCS  it  is   more   convenient  to  use  the  geometrical  or   ray 
Aan  that  of  waves;  but  it  must  always  be  remembered  that  these 
*  acrely  represent  normals  to  the  wave  front. 

iHagiB  Formed  by  Spherical  Ifirron.    If  any  two  radii 

from  any  point  of 

M 


the  point  of  their 

after    reflection 

fix  the  position  of  the 

point   of   the 

Any  pair  of   radii 

do»  but  for  convenience 

of   the    following    are 

chosen,  because  their 


Fig.  a^. 


after  reflection  is  easily  determined:  The  radius  parallel 

to  the  axis,  which  after  re- 
flection passes  through  the 
principal  focus;  that  which 
passes  through  the  principal 
focus,  which  becomes  paral- 
lel to  the  axis  after  reflec- 
tion; that  which  is  incident 
at  the  intersection  of  the 
mirror  with  its  axis. 
The  construction  of  the  images  formed  by  a  concave  and  by 

a  convex  mirror  is  illustrated 

by  Figs.  233,  234,  23s,  where 

the   points   A'   and   B'   are 

located  by  using  the  pair  of 

rays   last  mentioned   above. 

In  the  first,  the  image  is  real 

and  inverted;  in  the  second 

and    third    the    images    are 

virtual  and  erect 
488.  lUcniflcatioxL    Since  the  angle  subtended  by  the  object  at 


Fig.  235. 


jss 
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d  bv  the  inagE  is  die  equal  angtc 

s  of  tfae  object  and  image  ut 

I  ftom  the  miiror. 


Tx  rs2l  ^—^E*  ior=ied  W  a  coocara  mirror  may  be  of  the  wne 
S££  ;£  :±)e  ctiec^  cr  Ivpr  cr  smaHer;  the  Tirtnal  im^e  is  alwajt 
IkTSC.  E3X  r  >  K.  Tfae  Timal  image  fbnncd  bjr  a  coove»  mirror 
ii  a^vav?  i=ar-e;  tiaa  tlic  objecL 


feet  focus  at  itm  center  of  cnm- 
(afb    Ai  a  matter  of  tmet,  tke 


mintir  are  aot  perfectly  sto- 
ical, except  ia  tbe  ^ledal  cut 
wfaen  the  Mmce  ii  at  the  ceetet 
of  cmTatore  of  the  mirror.  Cdo- 
tidcr,  for  ezaiB|4e,  «  plane  wire 
falUfig  on  a  coiica<re  mimr  US 
of  radini  r  (Fig.  336).  If  tke 
n;  PO  parallel  to  the  axis  is  in- 
cideat  at  the  point  O  the  reflected 
ra;  will  inicn«ct  the  axii  it  F, 
and  tbe  ao^e  of  inddence  i  lai 
that  of  reflection  r  will  be  eqnil 
to  the  angle  a  between  the  n- 
diis  CO  and  the  axis.  To  find 
the  distance  of  the  point  F,  fiom 
the  nuTTor  write 


CF,  CO*  3  +  Of.  eoi  r  =  aCf ,  co*  a  =  r 


.  F,B 


'—■='(■ 


When  a  i»  very  small  F,B  =  FB.  =r/a  =  f.  Aa  a  increaM*  Pfi 
iliminii>h««.  Hence  rays  incident  at  a  point  distant  from  the  azit  wiD 
iillenecl  (he  latter  at  a  point  between  the  principal  focni  P  and  the  mirrot, 
aa  ahuwn  in  the  figure.    The  nrface  FG  envekipiiii  the  tiuiidle  of  inttr- 
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rays  is  called   a   caustic   surface,  and   ihc   cross- sec ::sn.    m-::h   c-s; 
^^    t^  principal  focus  F,  is  called  a  caustic  conrc     Tlie  actual  reflected 
mrface  is  everywhere  normal  to  tlicse  rays,  and  is  indicated  by  the 
fine  BH  in  the  tipper  half  of  Fi^  236.    The  aection  of  the  hypo- 
qiherical  surface  Bl  concentric  with  F  is  shown  by  the  full  line  in 
lower  half  of  the  figure.    The  section  of  the  surface  corresponding  to 
rdation  KL=^AB    from   which   the   conjugate   focal   relatiotts    were 
is  shown   by   the   dotted   line.     All   these  curves   are  practically 
near  the  axis,  so  that  a  definite  focus  is  obtained  when  the 
aperture  2a  of  the  mirror  is  smalL 
The  deviation  from  q>herical  shape  of  waves  reflected  from  a  mirror  of 
apcitufc  is  called  q>herical  aberration.    The  effect  in  case  of  a  con- 
mirror  is  evidently  greatest  when  the  incident  wave  is  plane   ^ex- 
tfae  tmusual  case  of  an  incident  convergent  wave),  and  decreases 
tte  disfancf  of  the  source  from  the  mirror  decreases,  vanishing  when  it 

the  center  of  ciwatnre. 
The  lii^t  reflected  from  the  sides  of  a  cup  containing  coffee  or  milk 
lirii^  shows  the  caustic  ciwe  on  the  surface  of  the  liquid. 

Ml  Vocal  XJnOi.  When  waves  from  a  point  source  are  incident 
^Mkgaidj  on  m  qiherical  mirror,  it  is  fotmd  that  no  point  image  is  formed, 
Wt  that  there  are  two  line  images  in  different  positions  and  at  right  angles 


Fig.  237. 


to  each  other.  These  are  called  focal  lines.  The  origin  of  these  lines  is 
ckorlj  seen  if  we  consider  the  mirror  MN  (Fig.  237)  to  be  part  of  a  larger 
flodiTor  UNO,  on  the  axis  SB  of  which  the  source  S  lies.  Constructing  the 
reflected  reys  inddent  at  different  points  of  this  mirror,  it  is  clear  that  while 
dM  local  coq>  of  the  entire  mirror  is  at  Si,  all  the  rays  coming  from  MN 
intersect  i^proximately  at  the  point  Fi.    The  diagram  gives  a  cfoss-section 
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of  the  inddent  and  reflected  rays.  If  this  diagram  be  rotated  about  tlie 
axis  SB  by  an  amount  equal  to  the  diameter  of  the  mirror  MN  the  point 
Fi  will  describe  the  arc  of  a  circle  with  its  center  on  the  line  SB,  This  it 
the  primary  focal  line,  which  will  appear  on  a  screen  placed  at  Fi  as  i 
narrow  curved  strip.  After  passing  Ft  all  the  rays  reflected  from  MN 
will  intersect  the  axis  SB  at  various  points  between  St  and  F,  (since  ill 
the  planes  of  incidence  contain  SB).  A  screen  placed  at  this  point  wiU 
show  a  narrow  elongated  patch  of  light,  StF,,  the  secondary  focal  Hne.  If 
the  screen  is  at  right  angles  to  the  reflected  pencil  the  patch  of  light  wiU 
be  approximately  a  lemniscate  or  figure  8. 

429.  Cylindrical  Ifirror.    A  parallel  beam  incident  on  such  a 
surface  is  brought  to  a  real  or  virtual  line  focus.    The  image  of  a 

point  source  is  likewise  a 
line.  Such  mirrors  and  the 
reflected  pencil  are  said  to  be 
astigmatic.  (A  pencil  sym- 
metrical about  an  axis,  that  is, 
having  a  point  vertex,  and 
thus  giving  a  point  image  of 
a  point,  is  said  to  be  homo- 
centric.)  In  the  case  of  a 
concave  cylindrical  mirror,  if 
the  point  source  lies  outside 
the  principal  focus,  there  will 

be  a  real  image  AB  and  a  virtual  image  A'B'  in  planes  at  right 

angles  to  each  other,  as  illustrated  in  Fig.  238. 

430.  Paraboloidal,  Ellipsoidal,  and  Hyperboloidal  Miirors.  The 
light  from  a  point  source  at  one  focus  of  an  ellipsoidal  reflector 
will  be  brought  without  aberration  to  the  other  focus,  a  real  image 
being  formed.  Light  from  a  source  at  one  focus  of  a  hyperbo- 
loidal mirror  will  have  a  virtual  focus  at  the  conjugate  focus  of 
the  mirror.  If  the  source  is  at  the  focus  of  a  paraboloidal  mirror, 
the  light  will  be  reflected  in  a  parallel  beam;  and  parallel  light 
will  be  brought  without  aberration  to  a  real  focus  by  such  a 
mirror. 

REFRACTION  AND  DISPERSION. 

When  light  waves  fall  on  material  bodies  they  are  in  part  ^^ 
fleeted  and  in  part  absorbed  or  transmitted.  When  light  passes 
through  transparent  bodies  it  is  supposed  that  the  vibrations  of  the 


Fig.  23B. 


REFRACTION    AND    DISPERSION.  369 

;ht  waves  are  transmitted  through  ether  interpenetrating  the 
matter.  It  appears,  however,  that  the  velocity  of  the  waves  is 
affected  by  the  presence  of  matter,  as  shown  below,  and  that  in 
all  cases  more  or  less  of  the  vibratory  energy  of  the  ether  is  com- 
municated to  the  particles  of  matter.  This  constitutes  "  absorp- 
tion." 

431.  The  ancients  were  acquainted  with  the  fact  that  a  beam  of 
light  is  more  or  less  deviated  in  passing  from  air  to  water.  The 
Ii»W  of  Befraction  was  first  discovered  in  1621  by  WiUebrod  Snell. 
He  found  by  e.xperiment  that  the  ratio  of  the  sines  of  tJie  angles 
of  incidence  and  of  refraction  is  constant  at  the  boundary  between 
two  media.  The  ratio  sin  i/sin  r  is  called  n,  the  index  of  refrac- 
tion.    The  angle  of  incidence  is  usually  measured  in  air. 

It   was    shown    by    Huyghens   that    refraction    is    very    simply 

ilained  by  assuming  a  change  of  velocity  in  passing  from  one 

to  another.     Direct  measurements  by    Foucault,    Fizeau 

id  Michelson  show  that  light  travels  with  different  velocities  in 
air,  water,  and  carbon  bisulphide. 


Ktiedii 


AC  incident  obliquely  on  the  smooth 


Consider  a  pi; 
^  plane  surface  of  separation 
ir  and  another 
ransparent  medium  (Fig. 
19),  the  velocity  in  air  be- 
5  y,  and  that  in  the  second 
n  V,.  A  spherical 
will  diverge  from  the 
point  A  into  the  second 
medium  when  the  disturb- 
ance reaches  that  point,  and 

later  other  spherical  waves  successively  diverge  from  B'  and 
C  While  the  wave  travels  in  the  first  medium  a  distance 
CC  =  Vj  Ihe  wave  from  A  will  travel  the  distance  A  A'  =  V,t  in 
the  second  medium.  The  disturbance  from  B  will  in  the  same 
time  travel  a  distance  BB' +  B'B"  =  (V^  +  V,)t/2  if  B  is  half 
way  between  A  and  C.  Since  B'B"=iAA',  a  tangent  plane  can 
be  drawn  from  C  to  the  two  circles  with  centers  at  A  and  B'. 
It  is  easily  shown  by  this  method  that  the  waves  from  all  points 
Ihe  original  wave  front  will  be  tangent  to  the  same  ^Une.  VV*. 


^lU 
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new  wave  front  in  the  second  medium.    Further, 

CC  =  AC  sm%  =  Vj 

AA'  =  ACsmr=Vjt 

Therefore, 

sin  /       V^ 

sin  r  ""  V^ 

The  physical  significance  of  the  constancy  of  the  sine  ratio 
discovered  by  Snell  thus  becomes  apparent  The  student  should 
always  think  of  the  index  of  refraction  as  being  the  ratio  of  the 
velocities  of  light  in  the  two  media,  rather  than  as  the  ratio  of 
the  sines  of  two  angles.    The  latter  mode  of  statement  conveys 

no  clear  physical  idea,  and, 
moreover,  seems  to  break 
down  in  the  case  of  normal 
incidence. 

482.  Mediimi  with  Paranel 
Surfaces.  An  incident  pencil 
will  be  deflected  in  one  direc- 
tion on  entering  the  second 
medium  of  thickness  t  and 
an  equal  amount  on  re-enter- 
ing the  first  medium,  as 
shown  in  Fig.  240.  The 
course  of  the  pencil  will  then  be  parallel  to  its  original  direction, 
but  there  will  be  a  displacement 


Fig.  240. 


^^=^Csin  (/  — r)  = /-^-'^A' _   ^  =  /-sin/ 


>/«'  — sin*/  — cos/ 


cos  r 


•«*- 


•  9  * 
sm'/ 


When  an  object  is  viewed 
normally  to  the  boundary  (Fig. 
241)  there  is  no  lateral  dis- 
placement, but  only  an  apparent 
change  in  distance.  Waves 
from  an  object  5*  at  a  distance 
d  below  the  surface  of  the 
medium  travel  with  a  velocity 
V^  to  the  point  B,  where  the 
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Lvalent  air  path. 
nited  by  the 


rvenex  of  the  wave  enters  air,  in  which  the  velocity  is  F,. 
The  disturbance  then  travels  a  distance  BB'  in  air  while  another 
portion  of  the  wave  still  within  the  second  medium  travels  the 
distance  AA'^V^t.  The  center  of  curvature  of  the  emergent 
wave  is  at  S„  a  distance  d,  below  the  surface.  If  the  cone  has 
only  a  small  divergence  AA'^BC,  the  sagitta  of  the  wave  in 
the  refracting  medium,  BB'  is  that  of  the  wave  in  air,  and  d^AS 

Hsnd  dj^AS,  their  respective  radii  of  curvature;  hence,  from  the 

^■elation  previously  used  (§421) 

H  AA'  =  ^^/2d=V,t 

fcerelore,  BB'  =  yy2d,=  y^t 

B  '^   K  "      ^    J 

■  ^ri^''  °'      ' 

^H   The  product  nrf,  is  called  the  optical  path  o 
^P  The  angle  of  the  cone  of  light  entering  the  eye  i; 

size  of  the  pupil,  and  is,  therefore,  very  small,  so  that  the  use  of 
the  above  method  is  justified.  The  apparent  depth  of  the  object 
below  the  surface  is  d,^d/n.  There  is  an  apparent  displace- 
ment toward  the  observer  amounting  to  {d  —  d,)  =  (« — i)d/n. 
It  is  thus  made  clear  why  the  depth  of  a  pond  appears  to  be  less 
than  it  actually  is,  and  why  objects  immersed  in  water  appear  to 

I  be  shorlened.  Since  the  index 
bf  refraction  is  about  t.33, 
|l  pond  six  feet  deep  seems 
lo  be  only  about  four  and  a 
half  feet  in  depth. 
I  If  the  cone  is  wide  there 
U  considerable  aberration,  as 
shown  in  Fig.  242.  This  is 
not  apparent  to  the  unaided 
eye,  which  limits  the  aperture 
of  the  effective  pencil,  ex- 
cept through  a  slight  lateral 
displacement  (the  image  be-  '  p 

ing  at  Q  if  the  eye  is  at  £), 

but  may  be  made  evident  by  using  a  large  condensing  le 
'jcal  length,  which  will  take  in  a  large  divergent  j 
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and  convert  the  virtual  image  of  the  object  into  a  real  image 
equally  affected  by  aberration. 

433.  Prism.    If  light  waves  pass  through  a  transparent  medium 
bounded  by  plane  surfaces  which  are  not  parallel,  the  deviation  of 

the  incident  pencil  on  enter- 
ing the  first  surface  is  not  ex- 
actly compensated  on  emerg- 
^'^'^'/  V^      ^-^-^     ing  from  the  second  surface. 

^^^^  If  the  source  is  at  5"  (Fig. 

^  243)  the  image,  or  center  of 

curvature  of  the  wave  within 


FzG.  a45. 


the  prism,  is  at  S^  and  that  of  the  emergent  wave  is  at  S^  To 
determine  the  deviation  of  the  pencil  and  the  positions  of  the 
foci  S^  and  S^  it  is  convenient  to  follow  the  course  of  given  wave 
normal  or  "  ray."  The  intersection  of  pairs  of  such  rays  will  fix 
the  position  of  the  desired  foci  or  centers  of  curvature  of  the 
waves. 

434.  Deviation— Minimum  DevifttioiL    The  total  deviation  of  a 
given    ray    is    Z^^Pj-f-P, 
(Fig.  244). 

But    r^  +  r^  =  A,    since    B 
+  ^  =  180°  =  B-f  r,+  r^ 

Therefore,  -D  =  »\  -f »,  —  A  Fxo.  244. 

It  is  easily  shown,  experimentally  or  mathematically,  that  D  has 
a  minimum  value  when  ii^=ig,  in  which  case  the  incident  and 
emergent  ray  are  symmetrical  with  respect  to  the  refracting  angle 
of  the  prism.     In  this  case 

£>  +  A 


Therefore, 


r,  =  r,  =  A/2 

JD  +  A 


__  sin  /  _ 
""  sin  r "~ 


sm 


.    A 

sm  — 

2 
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--      '^    relation  is  commooly  used  for  determining  the  index  of 
^.  ^^*>Qn  of  substances  in  the  prismatic  form.     As  the  index  is 
^1   ^«  same  for  different  colors,  it  is  evident  that  the  prism  can 
^  the  angle  of  minimum  deviation  for  only  one  color  at  a 

B*^^  Tocal  LiiUS.  If  the  »oo 
Vit),  ""^  °'  '''*  iransniitlcd  pencil 
1*>W^'  will  have  Iheir  verticc* 


a  (Fig.  145)  ;  but 


ia  ■  poiDt  ^  it  is  evident  ttuti  the 
ilancs  at  light  angles  to  the  refract' 
line  coQtaioiag  Si  at  ■  distance  fi 
>a  parallel  to  the  refracting  edge  will 


*  verm  in  •  line  eontaining  S,  at  right  angles  lo  Uic  Grst,  and  at  a 
e  r,  from  the  prism,  v,  being  sliffbtlr  less  than  «  (Fig.  a^fi).  The 
in  the  latler  case  is  that  due  to  a  parallel-sided  slab  of  thick* 
t  equal  to  that  of  the  section  of  (be  pnsm  considered.  The  rcsullaat 
effect  is  that  the  emergent  pencil  appears  to  proceed  froia  virtual  focal 
Hoes  Fx  and  F,  it  distances  v,  and  o,  from  the  prism  (Fig.  247).  These 
Hues  fuse  together  in  a  point  image  when  the  pencil  passes  through  Ihe 
prism  at  the  angle  of  minimum  deviation  wheo  v,:=v,  =  m  nearl;.  If  a  con* 
rerging  lens  be  placed  beyond  the  prism  real  focal  lines  will  be  formed. 

436.  Digpersioii  of  Color.    The  index  of  refraction  of  any  given 

substance  varies  with  the  color,  or  wave  length;  consequently  the 

deviation  caused  by  a  prism  will  not  be  the  same  for  all  colors. 

Consider  a  narrow  source  5 

such   as   an    illuminated    slit 

parallel  to  the  edge  of  the 

prism    (Fig.    248).      If    the 

source  emits  red  light  alone, 
I  a  virtual  red  image  of  the  p,  _--'\^J-^0 
ed    at    R.      If  X\^''  ^ 

I  green    and    violet    light    are 
I  also  emitted,  a  green  and  a  en,  » 

violet  image  are  seen  at  G 
I  and  V.     Real  images  of  these  colors  may  be  formed  at  R',  G', 
lens.     This  separation  of  the  colors  is  called  dis- 


\ 


persion.  If  the  source  emits  waves  of  an  infinite  numtMr  of 
lengths  included  between  the  red  and  the  violet  the  infinite  numbei 
of  partially  overlapping  images  of  the  sHt  will  form  a  conttimoit) 


spectrum.  If  ihc  slit  is  wide  the  different  colors  will  greatly  over- 
lap, and  Ihc  spectrum  is  said  lo  be  impure.  There  is  less  over- 
lapping when  the  sht  is  narrowed;  but,  since  no  slit  can  be  made 
infinitesimally  narrow,  it  is  manifestly  impossible  to  obtain  s 
perfectly  pure  spectrum. 

137.  Fraunhofer  Lines.  If  a  wide  slit  illuminated  by  sunlight 
is  used,  a  continuous  spectrum  is  obseiwed,  apparently  like  that 
given  by  a  candle  flame.  Such  a  spectrum  was  observed  by 
Newton.  If,  however,  the  slit  is  very  narrow,  it  will  be  seen,  as 
found  by  Woltaslon  in  1802,  that  a  number  of  fine  dark  lines 
parallel  to  the  slit  cross  the  spectrum.  He  observed  a  virtual 
^  spectrum  by  looking  directly  through  a  prism  at  an  illuminated 
slit.  Fraunhofer,  about  1815.  by  the  use  of  better  prisms,  and  by 
forming  a  real  image  of  the  spectrum  with  a  lens,  was  able  to 
find  several  hundred  of  these  lines,  which  are  now  usually  referred 
to  as  Fraunhofer  lines.  It  is  evident  from  this  that  the  solar 
spectrum  differs  from  that  0/  a  candle  in  not  being  absolutely  con- 
tinuous. The  dark  gaps  in  the  position  of  different  colors  show 
the  absence  of  corresponding  images  of  the  slit,  and  therefore  the 
absence  of  these  colors  in  the  sunlight.  In  the  chapter  on  Absorp- 
tion it  will  be  shown  that  these  dark  lines  are  due  to  the  absorp- 
tion of  light  of  definite  wave  lengths  by  vapors  in  the  solar 
atmosphere.  Luminous  gases  or  vapors  emit  a  limited  number  of 
colors,  giving  a  discontinuous  spectrum  of  isolated  lines  or  slit 
images;  and  in  many  cases  these  vapors  are  opaque  to  the  par- 
ticular radiations  which  they  emit  when  luminous. 

The  Fraunhofer  lines  may  be  used  as  reference  points  in  meas- 
uring indices  of  refraction  of   prisms  for  dilTerent  colors.     The 
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iTe  prominent  lines  were  labeled  by  Frzonhofer  with  fetters  of 
the  Roman  and  Greek  alphabets.  Some  o(  ifac  matt  unportant  of 
them  are  the  A  line  (really  a  group  of  fine  lines),  dtM  to  absorp- 
tion by  the  earth's  atmosphere;  the  nei^boring  D  lines,  due  lo 
sodium  vapor;  the  F  line,  due  to  hydrogen;  tlie  H  and  K  Vmet,  6ae 
to  calcium.  These  lines  are  shown  in  the  reproduction  of  the 
solar  spectnioi  (Fig.  i,  Plate  I,  p.  443). 

438.  DispersiTe  Power.  The  deviation  of  a  particular  color  by 
a  prism  increases  with  the  index  of  refraction.  The  angular 
separation  or  dispersion  between  two  colors  depends  on  the  dif- 
ference between  their  respective  indices  of  refraction.  If  a  prism 
has  a  very  small  refracting  angle,  the  angles  of  incidence,  refrac- 
tion, and  emergence  of  a  given  pencil  transmitted  ai  the  angle  ol 
imum  deviation  will  likewise  be  small,  and  the  sines  of  these 
.es  may  be  considered  as  equal  to  the  arcs;  consequently. 


D=(n  —  i)A 

If  D,  and  D,  are  the  deviations  of  two  given  colors,  the  Fraun- 
hofer  lines  C  and  F,  for  example,  and  D,  that  of  an  intermediate 
halfway  C  to  F,  D,  —  D,  is  the  angular  dispersion  of  the  ex- 
treme colors  and  D,  is  the  mean  deviation  of  the  spectrum  of  angu- 
lar width  D^  —  D,.  The  dispersive  power  of  the  prism  is  (he  ratio 
of  the  angular  dispersion  of  the  two  colors  to  their  mean  devia- 
tion, or 

{n.-i)A-{H,-i)A  _«.-«. 


i=" 


Newton  assumed  that  the  ratio  of  dispersion  to  the  deviation,  or 
the  dispersive  power,  is  the  same  for  all  substances,  but  Dolland, 
in  1757,  showed  that  this  is  by  no  means  the  case.  Two  different 
prisms  may  have  the  same  value  of  «, —  i,  but  very  different  values 
«,  —  «,,  or  conversely. 
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The  fotlowics  table  shoiirs  the  dtaperuTe  power  belweea  the  C  and  F 
lines  for  some  substances,  the  meaji  deviatioil  being  that  correspoadinB  to 
the  D  lines.  There  arc  great  difference!  between  the  refractive  and  dis- 
peraive  powers  of  difTeient  specimeiis  of  glass. 


Wsler 

CS, 

Elbet  

Alcohol 

Crown  glui 

Light  Bin[  glass 

Heavj  flint  glass 

Verjr  hcsTT  flint  glass. 

QuarU 
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Iodide  of  ulvei 

Air(o»C..  76omn..). 

H 

CO, 
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.0488 
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.S44> 

.0129 

•liSfi 

.1063 

.00014289 

.00000J95 

.00014894 

,00000195 

.0136 

.00044922 

.00000460 
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439.  Irrational  Dispeisios.  If  for  any  pair  of  colors  »,  and  n, 
the  ratio  in,~-n^)/{n, —  i)  were  tlje  same  for  all  substances  the 
spectra  formed  by  different  prisms  would  all  be  alike  in  the  dis- 
tribution of  colors,  and  one  spectrum  could  be  simply  a  larger  or  ■ 
smaller  copy  of  any  other.  It  is  found,  however,  that  this  ratio 
is  not  constant,  so  tliat  dispersion  by  a  prism  in  general  is  said  to 
be  irrational.  It  is  possible,  for  example,  to  make  a  prismof  crown 
glass  and  one  of  flint  glass  which  will  give  spectra  of  equal  length 
between  the  lines  A  and  K;  but  it  will  be  found  that  the  positions 
of  the  other  Fraunhofer  lines  do  not  coincide  in  the  two  spectra, 
as  they  would  if  the  dispersion  were  rational. 

The  following  table  showing  the  differences  between  the  refrac- 
tive indices  of  various  substances  for  the  A,  D,  F,  and  G  Fraun- 
hofer lines  illustrates  irrationality  of  dispersion.  It  will  be  seen 
that  the  ratio  {hf — Wj))/(nD — «j  }.  for  example,  is  not  the 
same  for  the  different  substances. 


-^„ 

.^, 

"B-'A 

0,00485 
.01097 
.00409 

.01898 

0.00515 

.01271 
.0041s 

.03485 

0.00407 
,01061 

.00344 
.02446 

Heavr  flint  glass 

r.isS 

I.Olf 

1.309 

CS 

lugh  as  a  general  rule  the  index  of  refraction  increases 
i  length  diminishes,  there  are  exceptions,  as  described  under 
the  head  of  anomalous  dispersion  (§541). 

440.  Achromatic  and  Diiect  VIsioii  Frisms.  The  unequal  dis- 
persive power  of  different  substances  is  utilized  for  making  pris- 
matic combinations  for  producing  deviation  with  very  little  dis- 


persion (Fig.  249).  or  dispersion  without  deviaiion  of  the  spectnim 
as  a  whole  (Fig.  250),  These  two  types  arc  respectively  called 
achromatic  and  direct-vision  prisms. 
LENSES 
441.  Befractioa  at  Spherical  Bonndaiy.  Consider  two  media 
of  refractive  indices  n,  and  n,.  separated  by  a  spherical  boundary 
convex  toward  the  source  in 
the  first  medium,  with  center 
of  curvature  at  C,  and  radius 
r,  A  narrow  pencil  of  light 
from  the  source  5  at  a  dis- 
tance «  from  the  boundary 
Mters  the  second  medium. 
If  n,  >  »„  the  divergence  of 
the  pencil  is  diminished,  so 
ihat  it  appears  to  come  from 
a  virtual  focus  beyond  S;  or 

the  pencil  may  be  made  convergent,  with  a  real  focus  at  S^,  at  a  dis- 
tance w  from  the  boundary,  as  shown  in  Fig.  251.  The  simplest 
method  of  determining  the  conjugate  focal  relations  in  this  case 
is  by  the  method  of  §422,  which  is  applicable  when  the  angle  a 
is  very  smalL    Assuming  that  a  is  so  small  that  PR  =  PQ,  we  may 


^Dte 


n^R  =  tt,iAB  +  BC)  =»,{BC—CD) 


I 


o£  die  figmel 
^Dsts  in  the  second  f 
ipted  with  neferaice  I 
ta  Ibe  powtite  sign  of  «  ta  the  tnatoMot  ei  Muims. 

If  K  >  mj,  w  b  pontnc,  Jiwfcjiing  a  real  caajogale  focus. 
If  M^nJ,  w^  X.    TIk  IfaaMBitted  beam  is  panlld  and  tt/  I 
it  the  principal  focal  jB^Jami-  in  Am  first  medidin. 

If  H  <  mX  ki  is  negadTC,  aad  a  Ttrtnal  conjngate  focos  cxtsD 
in  the  first  medium. 

If  H,  <  fi,  and  the  surface  is  coocaTC  toward  the  sottrce  BC  will 
have  the  negative  sign  in  the  above  eqnatioa,  and  r  and  /  wlW  be 
ntrgative.  Putting  in  the  absolute  value  of  /  and  makiiig  the 
proper  changes  of  sign,  we  have 

"""  «  +  »,7  ^  («,  -  «,)«  +  n». 

From  ihis  expression  it  appears  that  w  is  negative,  unless  «  ** 
negative  (corresponding  to  a  convergent  incident  pencil).  1' 
M  >r,  r  <«!<«,  and  the  surface  has  a  divergent  effect.  If  «  =  '. 
a*"  — r;  if  u<r,  r>w>u,  and  the  surface  has  a  converge' 
effect. 

If  n,<.H,  a  surface  convex  toward  the  source  will  have  a  diver- 
gent effect  and  f  Is  negative. 


For  all  the  cases  considered  the  general  formula 


'/ 


may  be  used,  giving  /  the  positive  sign  when  the  surface 
verges  light,  the  negative  sign  when  it  diverges  light.  The 
of  vf  will  take  care  of  itself. 

412.  Lenses  are  transparent  bodies,  generally  with 
surfaces,  which  form  images  by  changing  the  divergence  of  light 
waves.  The  ordinary  types  of  single  lenses  are  shown  in  Fig. 
252,  The  first  three  forms,  known  as  double -con  vex,  plano-con- 
vex, and  concavo-convex,  are  thicker  at  the  center  than  at  th^ 
edges.  If  surrounded  by  a  less  refractive  medium,  the  central 
portion  of  the  incident  wave  is  more  retarded  than  the  edges  of 
these  lenses,  and  the  curvature  of  the  wave  is  diminished  or  re- 

^^ned  in  direction.  These  lenses  have  therefore,  a  convergent 
effect.  In  the  second  group,  embracing  the  double-concave,  plano- 
concave, and  convexo-concave  lenses,  the  edges  are  thicker  than  the 
center,  so  that  the  outer  portions  of  an  incident  wave  are  more 
retarded  Ihan  the  center.  The  curvature  of  the  wave  is  increased 
and  the  lenses  have  a  divergent  effect.  If  the  two  types  of  lenses 
are  placed  in  a  more  refractive  medium  there  is  a  reversal  of  these 
effects. 

443.  Ooojugate  Focal  BelatiotiH.  Consider  the  case  of  a  double- 
convex  lens  of  refractive  index  n  surrounded  by  air,  the  refractive 
index  of  which  may  be  taken  as  unity.  Let  the  radius  of  curva- 
lure  of  the  first  surface  of  the  lens  be  r,,  that  of  the  second  r^. 
Let  H  be  the  distance  of  the  source  and  w  the  radius  of  curvature 
of  the  wave  within  the  lens,  and  assume  that  the  thickness  of  the 
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lalter  is  so  small  that  no  appreciable  change  of  w  occurs  whilt 
the  wave  is  passing  through  the  lens.  At  the  first  surface,  a^ 
cording  to  the  results  obtained  in  the  preceding  section. 

If  w  is  positive  with  respect  to  the  first  surface  it  is  negative  with 
respect  to  the  second,  or  conversely,  and  at  the  second  surface 


In  the  ordinary  case  where  the  leas  is  lurrDundcd  bt  one  medium  wt 
may  reach  the  same  result  more  simplr  by  ignorins  the  cbanee  ol  np 
from  n,  —  n,  to  n,  —  m,  and  making  r  positive  when  it  refers  to  1 
coDverEing  surface,  negative  when  it  refers  to  a  divergent  surface.  Dul 
ma;  be  illustrated  by  deriving  the  conjugate  focal  relaliacs  for  a  donblc 
convex  and  for  a  double  concave  lens. 

Assuming  a  to  be  so  smaU  that  FR  =  PQ  (Fig,  353)  ^fl+HC+CO+M 
(path  of  edge  of  wave  in  air)  =-  {BC  -t-  CD)  (equivalent  air  path  in  Im)' 
Therefore,   ^B  +  D£  =  (b  —  i)  (_BC  +  CD). 

Substituting  reciprocal  radii  of  curvature  for  sagiitUi,  this  becomes 


i+i.„-„(i+i)=i 

In  the  case  of  the  double  concave  lens  (Fig,  253) 
BC  —  AB-\-CD-\-DE  =  n{BC  +  CD) 


.-.A. 

'i 

t    ^*v. 

1 
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Therefore, 

^f^y  applying  the  same  method  to  the  other  types  of  spherical 
lenses  it  will  be  found  that  the  general  solution  of  all  cases  is  the 
formula 


AB  —  DE  =  —(n—l)iBC  +  CD) 


/ 


:.  +  7. 


The  sign  of  /  (which  depends  on  the  Mgn  of  r,  and  r,)  is  positive  for 

converging  lenses  and  negative  for  diverging  lenses.     It  follows  that  the 
•tme  convention  of  sign  may  be  used  for  lenses  as  for  spherical  mirrors 


(i  413).    The  sign  of  v  will  lake  care  of  itself,  but  it  may  be  wriilM 
tie  positive  sign. 


I 


following  cases  arise  when  /  is  positive ; 
When  H  :=  CO,  v^=i,  the  principal  focal  distance. 
When  u  1>  /.  IT  is  positive  and  there  is  a  real  conjugate  focua. 
When  u=f,v  =  <x}.    The  Iransmilled  beam  is  parallel. 
When  u  </,  f  is  negative  and  greater  than  m  for  all  positive  values  of  a, 
«  ia  a  virtual  conjugaie  focus. 
/  is  ncKatlve, 
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444.  Axw  of  Lana.     The  line  passing  through  the  centers  a 
curvature  of  the  surfaces  of  a  lens  is  called  the  principal  i 
tn  tvaj  lens  diere  is  a  point  on  the  principal  axis,  called  Ibl 


optica!  center,  which  has  the  property  that  no  ray  passing  through 
it  is  deviated  in  direction,  although  there  b  more  or  less  displ»c<- 
nient,  depending  on  the  thickness  of  the  lens. 

The  existence  of  this  point  may  be  shown  thus:  Let  two  panlld  radii  of 
curvilure  r,  and  r,  (Fig.  ass)  be  drawn  to  the  two  Burf aces  af  a  Itns.  Since 
the  two  plane  etements  of  the  lens  A  and  A'  are  parallel,  being 'respectiieif 
perpendicuiar  to  two  parallel  lines,  the  refracted  ray  AA'  is  propagated  Jo  ■ 
medinm  with  parallel  sides  and  coterges  parallel  to  its  original  direcllML 
Since  the  triangles  ACC,  and  A'CC,  are  simiUr. 

This  is  true  whatever  maj  bt  the  Talne  of  the  angle  a,  therefore  C  ill 
fixed  point,  the  optical  center  of  the  lens.  All  ra;  paths  which  pass  ibrauft 
this  point  arc  called  secondary  axes.  In  the  case  of  a  thin  lens,  the  cesur 
of  the  lens  and  the  optical  center  may  usua!!]'  be  regarded  as  coinddeiin 

446.  InwfM  by  Lens.  The  image  of  A  (Fig.  256.  a,  b,  c)  must 
lie  oil  the  secondary  axisAA',  that  of  B  on  the  secondary  axis  B8'. 
Kays  drawn  parallel  to  tlie  principal  axis  from  the  points  A  aniB 
pass  through  the  principal  focus  F  and  intersect  the  lines  AA 
and  BB"  at  the  points  A'  and  B',  which  determine  the  position  tai 
t  of  the  image.    Since  the  point  A'  lies  above  the  pnn- 


cipal  axis  when  the  image  is  on  the  same  side  of  the  lens  as  the 
object,  and  below  it  when  the  image  is  on  the  other  side  of  the 


lens,  it  is  evident  that  all  virtual  images  formed  by  a  single  lens 
are  erect,  all  real  images  inverted. 

416.  Magnification.  Since  AB  and  A'B'  subtend  equal  angles 
from  the  center  of  the  lens  (the  angle  included  between  the  sec- 
ondary axes  AA'  and  BB')  it  is  evident  that  their  relative  sizes 
are  proportional  to  their  respective  distances  from  the  lens,  or 

AB  _u 
A''B-~~v 


_I47.  Spherical  Aberration.  In  deriving  the  formula  for  the 
uugate  focal  relations  of  lensei  it  has  been  tacitly  assumed  that 
t  emergent  wave  is  spherical.  With  lenses  of  small  aperture 
I  is  shown  by  experience  to  be  practically  true ;  but  when  the 
rture  becomes  large  there  is  noticeable  spherical  aberration. 
B  is  illustrated  by  Fig.  257. 


UI«  the  centra]  part  of  tbc  wave  travels  from 
irill  travel  bIoue  LMN  the  diiUace  LMNO  - 


9  to  C  th«  edge  of 
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Fro.  »S7- 

It  is  evident,  therefore,  thtt  the  edgei  of  the  emerKcnt  m 
by  tbe  doited  curve)  will  pua  throiisb  O  initead  of  N,  uid  have  a  giaUi 
curvature  toward  the  axis  than  if  the  wave  were  spherical,  with  S^  *> 
a  center.  The  raj's  instead  of  converging  to  .^i,  as  shown  in  tbe  love 
half  of  Fig.  257,  will  cross  each  other  as  shown  in  the  upper  hiH 
being  enveloped  by  a  caustic  surface  instead  of  by  a  right  cone. 

418.  Coirection  of  Splierlcal  Abemrtion.  If  the  rays  pasNog 
through  the  edge  of  a  lens  are  stopped  by  a  diaphragm  which 
permits  only  the  central  portion  of  the  incident  pencil  to  pass 
the  spherical  aberration  will  be  greatly  reduced.  It  is  also  pos- 
sible to  grind  surfaces  slightly  differing  from  a  spherical  fona 
so  that  for  a  given  pair  of  conjugate  focal  distances  the  emer- 
gent wave  is  truly  spherical.  Such  lenses  are  called  aplaaatic 
In  some  cases  when  the  conjugate  focal  distances  differ  greatly, 
spherical  aberration  may  he  reduced  by  making  the  two  surfaces 
of  the  lens  of  different  curvatures.     Consider,   for  example,  » 


plano-convex  lens  of  great  aperture   (Kgs.  258,  259)  first  wi* 
the  plane  then  with  the  convex  face  toward  a  source  so  distud 


that  the  incident  light  is  parallel  or  nearly  so.  If  we  consider 
the  deviation  of  the  ray  PQ  in  each  case,  it  is  evident,  on  re- 
calling the  condition  for  minimum  deviation  by  a  prism,  that  in 
the  second  case  the  angle  D  will  be  less  than  in  the  first,  because 
the  refracting  edge  of  the  lens  is  then  more  nearly  in  the  position 
with  respect  to  the  incident  and  emergent  rays  which  gives  mini- 
mum deviation,  and  consequently  the  nearest  approach  of  the  ray 
PQ  to  the  focus  S,. 

One  form  of  thick  lens  of  great  angular  aperture  commonly  used  as  part 
of  niicroacopic  objectives  is  almost  entirely  free  from  spherical  atterratjan. 
Suppose  that  a  pencil  of  light  con- 
verging lo  S  falls  on  3  transparenl 
sphere  of  radius  R  and  is  refracleU 
to  the  focus  S,  (Fig.  a6o).  Using  a 
well-known  geomelriciJ  principle, 
we  may  write 


CS, 


cs 


Tfae  angle  al  C 

iwo  itianglea  CSO  and  CS^O,  hence 
r+  a  =  i  +  ff.  and  if  p  =  r.  a  =  i. 
In  (his  case,  if  it  be  Ihe  index  of 
ic fraction  of  the  sphere. 


CS,  —  R/k  ; 


CS  =  nR 


This 


how  large  the  angle  i  may  be. 
that  an  object  in  the  lens  at 
would  have  a  viriual  image  at  S 
lireJy  free  from  aberration.  The 
the  sphere  Ixlow  5,  is  removed  and  the  objt 
surface.  In  practice  ihia  lens  is  olten  a  herni: 
at  such  a  distance  below  the  plane  side  that 
refraction  at  the  plane  surface  corresponds 


if  the  segment  of 
ivilh  Ihe 
lere,  the  object  being  placed 
ts  virtual  image  formed  by 
1  position   to  the  point  Si- 


There  is  some  aberration  in  this  case  due  lo  refraction  at  the  tower  s' 

U9.  Focal  Ziines.  If  a  pencil  of  light  falls  obliquely  on  a  cunverging 
lens,  instead  of  a  point  image  two  real  focal  lines  will  be  formed,  like 
those  due  lo  a  concave  mirror.  If  Ihe  lens  is  divergenl.  these  focal  lines 
will  be  virtual.  The  formalion  of  these  lines  by  a  converging  surtacc  \» 
made  clear  t>y  tonsidenBg  ifie  effect  of  a  single   lelTacting  mxt«e«  PQ, 
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If  w^  the  focal  distance  conjugate  to  u,  is  positive  with  respect  to 
the  first  lens,  it  is  n^^tive  with  respect  to  the  second.    Therefore, 

This  expression  is  generally  true  for  either  converging  or  diverg- 
ing lenses  if  the  proper  signs  are  given  to  /^  and  /^ 
452.  Chzomatic  AlMRSkioii.    Since 

it  is  evident  that  the  princi- 
pal focal  distances  are  dif- 
ferent for  different  colors, 
being  less  for  violet  than  for 
red  (Fig.  263).  There  is  no 
way  to  remedy  this  defect  in 
a  single  lens,  but  it  may  be 
greatly  reduced  by  a  suitable  combination  of  lenses. 

463.  Adiromatic  Gomliinationfl.  By  combining  two  or  more 
lenses  of  different  dispersive  powers  two  or  more  given  colors 
may  be  brought  to  the  same  focus,  just  as  prisms  may  be  com- 


Fig.  263. 


rxG.  264. 

bined  to  give  deviation  without  dispersion   (Fig.  264).     If  two 
lenses  are  used,  for  each  color 

A    A    f 

if  the  lenses  are  in  contact    If  we  wish  to  combine  the  two  colors 
corresponding  to  the  C  and  F  lines,  /  must  be  the  same  for  both. 


'.  if  the  second  lens  is  placed  a(  a  distance 

1  the  first  equal  to  its  own  focal  lenglti,  (he  rays  of  different  colon 

icb  diverge  from  cacb  olber  at  the  lirst  lens  will  be  made  approximately 

allel  bjr  the  second.     If  an  object  19  placed  at  the  principal  focal  point 

365}  of  the  combination,  a  virtual  image  at  infinity  will  be  formed, 

and.  33  shown  by  the  figure,  the  violet  and  the  red  images  will  subtend 

approximately  equal  angle*  a  at  the  eye,  and  will,  therefore,  be  superimposed 
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I  464.  Total  Reflection.     If  a  ray  of  light  travels  from  a  more  to 

(less  refractive  medium,  the  angle  of  emergence  i  is  greater  than 


Since  s 


e  refractive  medium, 
=  (sin  i)/H.  and 


p  angle  of  incidence  (which,  being  i) 
r  be  called  r  for  consistency). 
iximum  limit  of 
t  degrees,  r  has  a  maximum 
ait  k  stich  that  sin  k  =  i/n. 
i  pencil  incident  on  the  boun- 
dary at  a  greater  angle  than  k, 
the  critical  angle,  can  emerge.   ■ 
It    will,    therefore,    be    totally 
reflected  (CC,  Fig.  266). 
sin    k   varies    inversely    ; 
index    of    refraction,    the 
ical  angle  is  diflferent  for  difTer-  Fic.  ififi. 

eni  colors.     Violet  will  first  be 
subject  to  total  reflection  as  r  increases,  and  finally  tbe  red. 

Consider  a  plane  wave  incident  at  the  angle  k  (Fig.  267).  The 
disturbance  propagated  from 
A  in  the  second  medium  will 
travel  the  distance  AD'  in 
the  same  time  that  the  dis- 
turbance from  D  travels  to 
D',  since  AD'/sin  k  =  DD'. 
The  same  will  be  true  of  the 
disturbances  propagated  suc- 
cessively from  B',  C.  etc, 
so  that  the  resultant  distur- 
bance at  D'  will  be  the  sum 
of  the  effects  of  the  whole  . 
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wave  front  travelling  along  AJy,  wUle  at  all  other  pdnb  n 
the  second  medium  there  will  be  snch  a  distribntion  of  i^iixJ 
u  to  give  zero  efFecL  Fnitbennorc  the  lower  part  of  the  in- 
finitesimal resultant  wave-front  at  £>*  will  travel  faster  than  tbt 
upper  portion,  and  the  waves  wiH  swing  back  into  the  first  medimn. 
When  the  angle  of  incidence  is  greater  than  k  the  distnrhanca 
originating  in  succession  at  A,  B*,  C,  etc,  reach  £>*  ahead  of  that 
from  D.  There  will  be  no  concordance  of  phases  at  any  point  in 
the  second  medium,  and  the  resultant  effect  will  everywhere  be 
zero. 

A  parallel -sided  plate  cannot  be  used  to  show  total  reDectton, 
since  any  pencil  entering  such  a  plate  must  emei^  at  the  same 
angle.  Bodies  of  prismatic  form  are  best  adapted  for  the  purpose 
The  effects  may  be  seen  by  lo(dcing  down  at  the  side  of  a  glass 
containing  water  or  a  test-tube  sunk  in  water.     A  fish  can  ste 


objects  throughout  the  space  above  the  water,  but  he  sees  then 
through  the  limited  cone  of  angle  24  =  97°  (F^K-  268),  arrangwl 
around  a  circle,  with  tops  pointing  inward. 
Some  values  of  k  are  given  below: 

Waicr  48*  36'  Ou"rt«  40'  "' 

Crown  glass   43°  3'  Diamond   34'  16' 

Flint  glass    37°  34' 

The  smaller  the  critical  angle  of  a  jewel  with  regular  ix^ 
the  greater  the  proportion  of  light  totally  reflected  by  it  Th" 
explains  the  great  brilliancy  of  the  diamond. 

455.  TruultlOD  Layer.  It  stem*  quite  pouibte  that  the  change  of  iodo 
of  refraction  at  the  boundary  is  not  abrupt,  but  that  there  ia  a  tianritiiii 
layer  (  due  to  inteipenetTation  of  the  two  media,  or  occluaiOD  at  the  no^ 
face,  eauung  a  gradual  change  in  the   index.     If  thi*  be  the  ca*e,  tot*' 
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»y  be  considered  as  allogelhcr  due  to  refraction.  When  Ihc 
adcnce  is  equal  lo  or  greater  (ban  t  the  wave  front  in  the 
fci  will  swing  around  and  become  normal  to  the  surface  (Fig. 
;he  lower  edge  will  gaio  on  the  upper  and  the  wave  will  swing 
le  first  medium.  If  we  consider  an  air  film  between  two  re- 
lia  the  two  transition  layers  may  encroach  on  each  other  (Fig. 
ich  case  the  lower  edge  of  the  wave  will  be  retarded,  and  ■ 
II  pass  into  the  third  medium.  It  might  be  expected,  therefore, 
air  film   from   which   total  rcfiection  takes  place  is  very  thin 

on  will  cease.  This  has  been  found  to  be  the  case.  In  the 
of  prisrns  shown  in  Fig.  27s  total  reflection  takes  place  froin 
luse  of  the  first  prism  when  (he  angle  of  incidence  1  on  AB  is 
mall,  but  some  light  will  atwajra  be  transmitted  through  the  re- 


I 


N 


"^ 


4 


nitsion  can  occur  (which  may  be  considered  as  approximately 

I  of  the  transition  layer)  differs  willi  the  wave  length  and  wilb 
incidence,  and  may  teach  several  thousandths  of  a  millimeler. 

(S.    Examples  of  the  type  of  total  reflection  referred  to  above 

II  the  case  of  refraction  by  gases  of  varying  density.  This 
is  called  mirage.  The  ait  above  a  furnace  or  a  heated  surface 
ivement  exposed  10  the  sun's  rays  rapidly  increases  in  density 
re  power  in  going  upward.  If  the  line  of  vision  forms  a  small 
be  lurface  distant  objects  are  seen  apparently  reflected   from 

The  formation  of  one  type  of  mirage  is  shown  in  Fig.  170, 
im  O  an  upright  but  elongated  image  A'B'  of  AB  due  to  •^- 
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pencil!  OCA,  ODB,  Sa  Men,  and  also  >n  inverted  image  A"B"  doe  lo  the 
pencils  OEA,  DPB.  Thi*  ia  one  of  •ereral  tfftM  of  atmotpheric  mingt. 
Other  trpea  allowing  diatortion  or  diqilacement  of  objecia  are  due  to  local 
differences  of  temperatiirc  in  the  atmoqtbere,  canvngchangetindoiaitraod 
refractive  power.  The;  are  vei;  easily  Men  b;  viewing  object*  at  a  gmiaf 
angle  aeroM  heated  •urfacei.     Similar  effeeta  are  to  be  aeen  by  lookiiii 


through  sheets  of  glass  with  irregular  surfaces,  or  non-homogmeoni  mii- 
tures  of  liquids,  such  as  water  with  an  excess  of  salt  crystals  at  the  bottom 
of  the  vessel,  or  with  alcohol  above  and  imperfectlj  mixed  with  it 

When  the  lun  is  near  the  horiion,  the  raya  reaching  the  eye  travmt 
strata  of  air  of  gradually  JncreBHing  density,  which  cause  them  to 
bend  downward.  For  this  reason  the  sun  is  visible  when  it  is  actoaDr 
below  the  horizon  a  distance  about  equal  to  its  own  diameter. 

The  scintillation  of  stars  is  due  lo  a  similar  cause.  Thrir  appwd 
direction  and  intensity  are  subject  lo  rapid  ftuctnations  as  masses  of  air  nf 
varying  density  drift  across  the  line  of  sight. 

157.  "SchUeien"  Hetbod.  Many  phenomena  which  are  too  fe^ 
to  be  observed  directly  by  the  eye  may  be  made  visible  by  projection  H 
they  occur  in  Ihe  cone  diverging  from  a  point  source  of  ligbt.  It  smJigW 
be  focused  on  Ihe  small  hole  S  (Fig.  aja)  beyond  which  it  diverges  ta  • 


screen,  a  jet  of  coa\  gat,  bvdroeen,  or  carbon  d 
will   cast   a  clear  image  on  Oit  «««cn.    "^^a  )i 
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Aot  Ae^r  wiQ  c 


Iite  power  of  the  jM 
nmtion  of  ligbt  on 
er  or  darker  ifaan  the  ■iiiniMiirB^  ipacc  EAtx  itfat  fooxcd  (roM  t|i 
cr,  or  ether  vortex  riogs,  mar  tkai  be  aadc  *ialk.  If  m  taaWB 
1w  placed  in  (be  cone  of  ligbl  a  bcaalifal  iqraKsfalioa  of  Ac  In 
Ili«  corrents  of  healed  gasrs  will  he  fiMBrJ  oa  the 
simple  fonn  of  what  it  known  aa  Ike  '•eUMfCfl"  aeAod,  doe  to  T< 
which  was  al  first  used  to  diKorcr  defect!  ia  ksws,  bmt  winck  ka 
been  tised  br  Toepler  and  bj  Wood  lo  n>ke  viAk  projectioas  or 
graphs  of  sound  waves.  Suppoie  u  bnace  of  ifce  Mvcc  S  (Fit-  ^ii  ^ 
be  formed  at  S,.  Bj  meuu  of  a  mail  icrecn  M  ^,  all  or  aeariy  all  of  the 
I  mar  be  cat  ofi  from  tfa«  leaa  L*  If  in  a  ^uH  npoa  O  ^ 
refiaction  a  slighilr  different  fraa  tint  of  Ac  nr  (or  if  O 
n  defective  spot  in  the  lens  L)  the  E^  pMaiaa  Ania^  tUs  n^oa  wil 
:  made  sliglitl)i  more  or  less  casrerscni  tbaa  that  of  tbe  nst  «f  the 
acil,  and,  aa  ibown  in  the  Genre,  wilt  pas*  aroond  S,  and  throi^  L, 


i  be  brought  to  a  focus  at  P.  where  tbe  iDumi nation  will  be  increased  or 

mtoiibed  in  a  i^ion  having  the  same  form  as  O.    If  O  be  a  crtindrical 

id  wave  produced  bj  a  apork  parallel  to  SS,  it  may  be  (e«o  or  photo- 

Ucally  recorded  b;  the  flash  of  aoatber  spark  al  5. 

458.  The  Eainbow  is  a  bright  arc  showing  the  spectral  colors, 

be  to  the  sunlight  redecled  from  raindrops.     Someliincs  several 

e  seen,  the  inner  or  primary  bow  being  always  the  brightest, 

1  all  being  arcs  of  circles  with  centers  on  the  prolongation  of 

c  line  passing  from  the  sun  through  the  observer.    The  primary 

J  is  violet  on  the  inside,  red  on  the  outside;  in  the  secondary 

1  the  order  of  colors  is  reversed. 

f  De  Dominit  showed  that  the  rainbow  is  due  10  light  refracted  and  inlcr- 

f  reflected  by  raindrops ;  Descartes  determined  by  geometrical  method 

e  angles  inblendcd  by  tbe  varioiu  bows  at  the  observer's  eye,  and  Newton 

ained   the   color   effects   as    being    due    to    dispersion    within    the    drop. 

Voimg   proved    that   interference   effects    modify   the   distribution    of   tbe 

Mtlora.  and  cause  the  supernumerary  bowa  sometimes  seen.      Airy    (iSjS) 

and   Peitner   (1897)   developed    an   exact   theory,   taking   aecount   of   the 

interference   between   rays   which   have    experienced   relative   retardations 

1  (he  drop,  and  showed  that  not  only  tbe  distribution  of  colors,  but 

n  the  angular  radius  and  breadth  of  the  bow  are  largely  determined  by 
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intcrfereiicc,  these  effects  Taiying  with  the  size  of  the  drops.  The  op- 
proxiinste  angular  magnitude  of  the  Tsrioas  bows  may,  howerer,  be 
determined  by  the  simpler  geometrical  method  of  Descartes,  with  little 
error  in  the  case  of  large  drops. 

If  paralld  rays  are  incident  on  the  vqiper  half  of  a  refracting  vphtrt  they 
will  be  in  part  refracted,  internally  reflected,  and  transmitted  downward  u 
shown  in  Fig.  274.    Rays  will  also  enter  the  lower  half,  and  there  will  be 
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multiple  reflection  within  the  sphere,  but  for  the  present  we  shall  fix  our 
attention  upon  the  rays  which  reach  the  eye  at  O  after  one  intenttl 
reflection.  As  indicated  by  the  course  of  the  rajrs  incident  at  P,  Pi  aod  Pp 
there  is  an  angle  of  minimum  deviation,  below  which  no  rajrs  once  ister- 
nally  reflected  pass.  All  the  rays  emerging  near  this  angle  are  parallel  or 
nearly  so,  and  therefore  their  intensity  varies  little  with  distance  fro0 
the  drop,   while  rays  emerging  in  other  directions  are  widely  diverges^ 

As  11  varies  with  the  color,  the  minimum  deviations  are  different  for  ^^ 
various  colors.  In  the  primary  bow  the  minimum  deviation  of  the  red  i* 
137**  42';  of  the  violet,  139 **  37'.  In  the  secondary  bow  the  corresponding 
angles  arc  230'*  34'  and  2ZZ^  56'. 

From  Fig.  274  it  appears  that  light  will  be  received  by  the  observer  at  0 
from  all  the  raindrops  lying  in  an  arc  subtending  an  angle  180* — ^DwiditlK 
axis  passing  from  the  sun  through  the  observer's  eye.    In  the  primaty  bow 
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this  angle  is  42'    i&'  fcr  the  red  and  x.     - 
wiU  be  bordered  with  Tiolet  00  the  lower 
oodaiy  bow  is  doe  to  rajs  iiKi^ifin  oa 


T,:jtz.    i>'.   •_!. 


red 


kail  of  tiK 


<itder  of  the  colors. 

34f  for  the  red,  53*  56'  for  the 

An  artificial  rainbow  maj  be 
on  a  spherical  -vessel  filled  widh 
interior  of  the  circle  reflected  on 
light  which  has  been 
and  secondary  bow  is  quite  dark. 


SHPtgnded  Bjr 


to  :^« 
by  the  ^oirtjeTvl 


INTERFEREXCR 

4G9.  Oolora  of  TUm  Flatas.  As  prerioiislj  noted,  thin  films  of 
transparent  substances,  sncfa  as  so^  bobbles,  lajers  of  oil  </n 
water,  and  thin  sheets  of  mica,  show  brilliant  color  effects  in  re- 
flected white  light,  and  cooiplenicntary  effects  in  the  transmitted 
Hght. 

Hewton's  ringB  are  due  to  interference  between  the  fight  waves 
reflected  from  the  tapper  and  lower  soriaces  respectirdj  of  a  thin 
film  of  air  of  varying  thirimrw  enclosed  between  a  glass  plate 
and  a  convex  lens  of  great  racfins  of  cnrvatnre.  When  white 
light  is  incident  iiormally  00  such  a  combination  the  rings  or 
"  fringes  **  are  circular  and  concentric  with  the  point  of  contact. 
If  the  light  is  incident  obliqnelj,  the  fringes  are  dltptical.  These 
bands  are  violet  on  the  inside  and  red  on  the  outside;  but  at  a 
short  distancre  from  the  center  they  begin  to  overlap  and  conse- 
quently to  grow  indistinct. 
If  monochromatic  light  is 
used  a  nrach  larger  number  of 
bands  may  be  seen.  A  good 
arrangement  for  projecting 
these  rings  and  showing  their 
complenientary  character  is 
represented  in  Fig.  275. 

A  ri^tt-an^ed  prisn  with  a 
dii^hUv  coawcx  hypoAenose  face 
is  prfssfd  agaiast  the  plane  hy- 

of  another  prism.    A  paraHH  beam  of  smiKght  is  ind- 
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dent  on  the  side  AB  at  an  angle  t  aufficientlj  great  to  avoid  total  intentl 
reflection.  The  reflected  light  fMUses  out  through  the  side  BC  and  it 
reflected  by  the  mirror  1#  to  a  position  R  near  or  superimposed  on  the 
transmitted  light  T.  The  bands  are  elliptical,  owing  to  oblique  incidence 
on  the  air  film.  The  colors  on  the  screen  are  visible  without  the  use 
of  a  lens;  but  if  lenses  Li  and  L^  are  placed  so  that  the  film  and  the 
screen  are  at  their  respective  conjugate  focal  planes  the  fringes  will  be 
magnified  and  at  the  same  time  made  more  distinct.  It  will  be  shown  later 
that  the  interfering  pairs  of  rays  from  a  film  of  varying  thickness  inter- 
sect at  or  near  the  film  and  diverge,  so  that  they  must  be  again  siqter- 
imposed  by  a  lens. 

If  the  prisms  are  pressed  closer  together  the  rings  will  expand,  because 
the  loci  of  points  of  equal  thickness  have  moved  outward.  If  they  are  lo 
close  that  the  thickness  of  the  air  film  at  the  point  of  so-called  contact  is 
small  compared  with  the  wave  length  of  light,  the  central  spot  is  dark  in 
the  reflected  fringes,  bright  in  the  transmitted  system.  If  the  lenses  form 
rings  of  equal  size,  T  and  R  on  being  superimposed  will  give  a  unifonn 
white  background,  showing  the  complementary  character  of  the  fringes. 

It  has  been  found  impossible  to  produce  interference  effects  between 
two  pencils  from  separate  sources,  or  from  different  points  of  the  same 
source.  There  is  no  permanent  accordance  in  phase  relations,  amplitude, 
or  direction  of  vibration.  As  aptly  expressed  by  Edser,  "  no  interference 
phenomena  could  be  produced  by  using  two  separate  candle  flames,  any 
more  than  two  brass  bands  playing  different  tunes  in  the  same  street  could 
produce  silence."  We  need,  therefore,  consider  only  one  point  of  the 
source  at  a  time.  The  effects  of  adjacent  points  will  be  simply  super- 
imposed on  those  of  the  first,  without  mutual  interference. 

Let  LM  and  NO  (Fig.  276)  represent  two  opposite  elements  of  surface  of 
the  air  film  producing  Newton's  rings,  slightly  inclined  to  each  other  and 
so  small  that  they  may  be  considered  plane.  A  narrow  pencil  from  the 
point  S  of  an  extended  source  is  incident  at  A,  where  a  small  part  it 
reflected,  the  remainder  being  transmitted  to  B,  where  it  is  again  subject 
to  reflection  and  refraction.  This  process  is  repeated  at  C,  D,  E,  etc^  ^ 
the  components  become  very  weak  after  a  few  reflections.  Owing  to  the 
inclination  between  the  surfaces,  the  reflected  pencils  are  not  parallel,  hot 
intersect  in  the  neighborhood  of  Pi,  while  the  transmitted  components 
appear  to  diverge  from  P^.*  If  the  film  increased  in  thickness  toward  the 
right,  these  points  of  intersection  would  be  respectively  on  the  opposite 
side  of  the  film.  The  reflected  and  transmitted  pencils  may  respectttclT 
be  brought  together  again  by  the  lenses  L^  and  Lt,  at  the  points  Si  and  5» 
The  eye  or  observing  telescope  must,  therefore,  be  focused  on  Pi  or  Pt  ^ 
get  the  most  distinct  effect.    If  the  film  is  very  thin  these  points  practically 

*  In  order  to  compress  the  diagram,  the  angles  of  emergence  at  C  and  B 
are  incorrectly  drawn. 


Kc  oi  path.  Id  >  be  the  iattx  vt  trImtUm  t€  Ae  M«.  a, 
rroiiDillng  meiUnm.  and  (or  ww^Bthy  taH^ac  tki  t««  lar- 
TsUeL  To  Tocb  the  wme  from  CP  (Re  «7<)  Ae  fi(hrt 
^  trateb  tbe  dinaoce  AP  in  ilie  fait  bwAsm  *1dle  the 
npOMia  kM  to  Uaicl  the  £«tanc«  ^fl  -f  BC  bi  (be  CUb. 
•  of  paib  it 

nC^fl  +  BC)  — M/"- 
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Fig.  J77. 


hence 

d  =  n{AB  +  BC-^CQ)  =:n{AB 
-f  BQ)  =  nAR  cos  r=.ant  cosr. 

If  the  film  is  of  air,  fi  =  i> 
d  =  2f  cos  t  (if  t  is  the  angle  of 
refraction  in  air).  The  effects 
at  5  and  Sx  are  due  to  the  super- 
position of  all  the  components 
arising  from  multiple  reflections 
within  the  films.  Between  suc- 
cessive pairs  there  is  the  same 
phase  difference. 

460.  Phase  Ohuiges  In  Beflee- 
tion.  (See  S  345.)  Since  (/  = 
2t  cos  i,  there  should  be,  so  far  as 
geometrical  differences  of  path 
are  concerned,  reenforcement  from  the  components  reflected  from  the  region 
of  contact,  where  /  is  so  small  compared  with  the  wave  length  of  light  that  it 
may  be  ignored.  As  a  matter  of  fact,  the  center  of  the  reflected  system  of 
fringes  is  black.  Young  inferred  by  analogy  that  at  the  boundaries  of  dif- 
ferent media  light  waves  are  subject  to  changes  of  phase  similar  to  those 
observed  in  the  case  of  material  waves.  If  a  row  of  elastic  spheres  is  io 
contact  at  one  end  with  a  fixed  obstacle  an  impulse  propagated  from  the 
other  end  will  be  instantly  reflected  with  reversal  of  phase.  If  the  end  is 
free,  the  last  sphere  flies  off,  and  completes  half  a  free  vibration  before  it 
sends  an  impulse  back  by  impact  on  its  neighbor.  The  retardation  of  half  a 
period  in  the  reflection  of  an  impulse  with  reversed  phase  is  equivalent  to  an 
instantaneous  reflection  in  the  same  phase.  Similar  effects  are  observed  m 
waves  reflected  from  the  free  or  fixed  ends  of  a  cord,  and  from  the  closed 
or  open  ends  of  an  organ  pipe.  Young  believed  that  the  freedom  of  the 
ether  in  free  space  and  its  constraint  inside  matter,  may  give  rise  to  similar 
effects,  so  that  waves  incident  from  air  on  a  more  refractins^  medium  may 
behave  like  waves  of  sound  reflected  from  a  medium  denser  than  air,  while 
a  light  wave  travelling  in  the  opposite  direction  will  behave  like  somid 
waves  emerging  from  the  free  end  of  an  organ  pipe.  The  waves  reflected 
from  the  upper  surface  of  the  air  film  pass  from  a  more  to  a  less  refractive 
medium ;  at  the  lower  surface  the  contrary  is  the  case.  If  /  is  small  con* 
pared  with  the  wave  length,  there  should  be  a  difference  of  half  a  period 
introduced  in  the  act  of  reflection,  which  will  cause  destructive  interfer- 
ence. The  transmitted  components  have  a  difference  of  phase  of  an  entire 
period  caused  by  two  internal  reflections,  and  therefore  will  be  accordant 
This  would  explain  the  black  spot  seen  in  the  center  of  the  reflected  system 
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ot  Newton's  rings.  It  is  also  observed  tbat  soap  films  ss  they  get  lliuuier 
run  through  a  brilliant  series  of  colors  when  Tiewed  b;  reflected  tight, 
finally  beroming  black  just  before  Ibcj  breatc 

la  tbe  arrangement  deKribed  in  I  451),  if  one  prism  is  of  crown  glaM.  ihc 
otfaer  of  Sint,  and  if  the  interspace  is  lilled  witb  a  liquid  of  intrnnediale 
index  of  refraction,  such  as  oil  of  cloves,  the  central  spot  of  the  reflected 
irstem  will  be  bright,  that  of  the  transmitted  system  dark.  This  confirms 
Yoang't  theory. 

When  Newton's  rings  are  produced  by  an  air  film,  the  conditions  for  a 
maximuni  of  given  wave  length  X  in  the  reSeclcd  Ugbt  are  (remembering 
that  a  loss  of  half  a  period  in  reflection  is  equivalent  to  a  path  differ- 
ence of  i./i) 

n\  +  i\="'-±^  X  =  wcos.- 
and  for  •  mioimum,  nX  =^  zt  cos  t. 

In  the  transmitted  light  the  marima  are  given  by 


J 


In  the  above  expressions  n  is  the  ordinal  number  of  the  rings  counted 
I  the  cenlcr. 
kTUm  with  Parallel  Sidea.—If  the  surfaces  of  a  thin  plate  arc  perfectly 
md  parallel  the  inlerfering  rays  ate  parallel,  as  shown  in  Fig.  377, 
e  eye  or  observing  telescope  must  be  focused  for  infinity  lo  see  the 
|nd>  clearly.  Since  tbe  difference  of  path  between  the  components. 
>',  varies  with  the  angle  of  incidence,  tbe  phase  relations  will  be 
It  for  rays  reflected  from  different  partj  of  the  film,  but  will  be  tbe 
DT  all  rays  reflected  from  the  flim  at  tbe  same  angle.  The  light  from 
Kiint  S„  S,,  etc.,  of  an  extended  source  will  be  brought  to  separate 
Si'.  S,'.  etc.,  on  the  retina,  so  that  there  will  be  no  overlapping  of 
The  bands  will  in  general  be  curved,  their  loci  being  given  by 
:  constant.  Such  bands  arc  somclimcs  known  as  Haidingcr's  fringes, 
r  fringes  of  equal  inclination. 
461.  InUrfeience  by  Thick  FUtes.  It  is  usually  impos&ible  to 
get  interference  cfTecfs  by  the  use  of  a  single  wedge-^aped  plate 
unless  the  inclination  of  Ihe  surfaces  is  very  sliglit,  because  the 
interfering  pencils  will  otherwise  be  loo  divergent  lo  simultane- 
ously etiter  the  eye.  If  the  surfaces  of  the  plates  are  perfectly 
plane  and  parallel  it  is  easy  to  obtain  inierference  effects  with 
monochromatic  light  with  great  differences  of  path  between  the 
components.    The  limit  to  the  possible  differences  of  path  which 
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may  exist  seems  to  be  due  to  the  lack  of  homc^eneity  in  the  ligfat 
from  available  sources,  or  to  the  probable  fact  that  radiating 
centers  emit  detached  wave  groups  corresponding  to  successive 
stimuli,  these  groups  having  diEFerent  relations  of  phase,  ampli- 
tude, and  direction  of  vibration,  so  that  waves  of  one  group  can- 
not interfere  with  those  of  another.  Consequently  the  maximum 
difference  of  path  which  can  exist  cannot  exceed  the  length  of  such 
a  train  of  waves. 

462.  Statlonuy  U^t  Waves.  If  plane  sound  waves  sre  reflected  from 
B  wall  stationary  Tibrations  ue  produced  by  interfeiencc  between  the  ind- 
dent  and  the  reflected  waves,  resulting  in  the  formation  of  nodal  planet 
(i  34'')  parallel  to  the  wall  and  distant  X/a  from  each  other.  Simitar 
effects  may  be  cicpected  if  plane  waves  of  light  are  reflected  nonnally  from 
a  minor,  but  as  the  distance  between  the  planes  is  only  X/a  and  li^ 
waves  are  very  short,  it  is  difficult  to  verify  their  existence.  Wiener  (1SS9) 
did  so  by  a  very  ingenious  device.    A  glass  plate  AB  (Fig.  278)  was  eoveied 

J,  _     with  a  very  thin  photographically 
sensitive     collodion     &Im,     sad 
placed    film    downward    over   1 
u  "    .^w         ■■    ...,...JL.|,,...T     "        silvered  mirror  UN  with  a  very 

l|ill|l|l      llllltBill'      PiUWiilll  slight    inclination    between   the 

Fic  3;S.  two  surfaces.     After  exposing  tbe 

plate  to  a  beam  of  light  inddcnt 
nonnally  on  the  mirror  is  was  developed,  and  dark  banda  were  found  in 
the  film,  running  parallel  to  the  line  of  Intersection  of  the  two  surficB. 
From  the  figure  it  is  clear  that  the  sensitive  anrface  crossed  the  nodal  isJ 
anti-nodal  planes  in  such  a  manner  as  to  produce  this  effect.  At  the  pois'' 
in  contact  with  the  mirror  no  effect  was  produced  in  the  film.  This  piotrf 
the  existence  of  a  nodal  plane  at  that  surface,  as  in  the  case  of  the  vai- 
ogous  sound  expcrimenL 

463.  Direction  of  Vibration  of  Polarised  Light  It  is  clear  that 
no  interference  effects  can  be  produced  between  two  vibrations 
in  planes  at  right  angles  to  each  other.  This  fact  enabled  Wien« 
to  determine  the  direction  of  vibration  in  light  polarized  by  r^ 
flection  (see  §522).  A  beam  polarized  by  the  mirror  Jlf  fella' 
angle  of  45°  on  a  thin  transparent  photographic  film  above  a  re- 
flecting surface.  He  found  that  stationary  waves  were  produced 
when  the  plane  of  incidence  on  the  film  coincided  with  the  plM' 
of  reflection  from  the  mirror  (Fig.  279^},  but  this  was  not  the  cast 
if  the  two  planes  were  at  right  angles  to  each  other  (Fig.  279B). 
From  the  figure  it  appears  that  in  the  first  case  the  vibrations 


■ust  have  been  parallel  to  the  film,  and  therefore  to  the  mirror, 
in  order  that  the  incident  and  reflected  rays  should  be  in  a  con- 
dition to  interfere  at  P,  while 
in  the  second  case  the  vibra- 
tions must  have  been  in  the 
plane  of  incidence  on  the 
film,  and  therefore  parallel 
lo  the  mirror,  in  order  that 
the  vibrations  should  meet  at 
P  at  right  angles  to  each 
other.  This  demonstrates 
that  the  vibrations  in  light 
polarized  by  reflection  are 
parallel   (o  the  mirror. 

iSi.  Llppnuum's  Color  Photogiapby.    Tbis   melhod  is  depeodent  c 
Ihc  formation  of  nodal  reflecting  planes  in  a  fUm  by  Wiener's  process. 


transparent  sen: 
and  a  colored 
tiooary  waves 
I   varying 


ailui 


ive  film  several  wave-lengths  thick  is  floaled  on  mercury, 
lage,  say  a  spectrum,  is  thrown   normally  upon 
It  be  set  up  in  the  film,  the  distance  between  the  nodal 
ith    the    color    (Fig, 

nodal   planes,   which   have   been 
subject  to  the  greatest  light  dis- 
turbance,   will    become   partially 
opaque  reflecting  surfaces,  and  i: 
white    light    falls    on    them    thi 
conditions  for  reenforcenient   o 
certain    colors    by    reflection,    ai 
in    the   case    of    Newton's    rings 
copiously  reflected  from  the  places  where  re< 
with  the  other  colors,  so   thai   the  spectrum, 
II  become  visible  by  normal  reflec- 
ilher  angle  the  colors  will  change, 


xist.    Red  will  be  n 
originally  fell,  and  so  with  thi 
luled  more  or  less  with  while  light, 
n  of  white  light.     If  viewed  at  an 
become  indistinct. 

DrFFRACTION. 


466.  If  light  from  a  small  source  or  aperture  passes  by  the  edge 
of  an  obstacle  and  falls  on  a  screen  it  is  found  that  the  illumina- 
tion  gradually  fades  away  in  the  geoitietrical  shadow,  while  out- 
side the  shadow  a  series  of  colored  hands  appears.  If  a  card  or 
iotifc  blade  is  held  between  the  eye  and  a  distant  source  of  light 
t  will  be  found  that  the  red  light  is  most  deflected  into  the  shadow, 


the  violet  the  least,  so  that  a  short  spectnim  is  formed.  Snch 
phenomena  are  examples  of  what  ts  known  as  DUCtactioB. 
Grimaldi,  Newton,  and  Young  observed  these  effects,  bat  Fresnd 


Flc.  afli. 


Let  us  find  the  effect  of  a 


was  the  first  to  explain  them  as  the  necessary  consequence  of  the 
undulatory  nature  of  light.  They  are,  in  fact,  interference  phe- 
nomena between  wavelets  coming  from  adjacent  points  of  the 
same  wave  front. 

n  extended  wave  plane  front  AB  (Pf 
281 )  at  the  point  P.  In  accord- 
ance with  Huyghens'  prindplt> 
the  resultant  effect  at  P  may  be 
regarded  as  the  sum  of  the  ef- 
fects separately  due  to  all  ihe 
points  in  the  wave  front,  each 
originating  its  independent  set 
of  wavelets.  Waves  of  differ- 
ent length  must  be  separately 
considered  in  this  analysts.  If 
OP  =  r,  describe  about  P  as  a 
center  spheres  of  radii  r  +  A/a, 
!*«"-»»».  r  +  A,    r+3A/2,    etc.      These 


MS  and  a,  nxj  cack  be  fbcEd  cq^  10  zBS.    Ttefgfa«e, 


Pfcam^bxk  at  P  doe  to  Ok  «I«Ic  «s«c  b  ok  faU  sad  iW 
nsitr  ofK  fbarA  dot  dnc  id  &e  ccatnl  dcaot  if  it  dowt 
e  cStx6vc.    If  tic  whole  wm  ecoft  Ifcr  ccalnl  ckaest 

;overol  the  illiiBiiiiJtkw  at  P  «iB  be  aetaaUy  iacfmcd,  Ae 
)litiule  ia  ttiat  case  being  a^  I'  '^  ^"^  ^'^  ^**>  central  de- 
its  are  corered  the  effect  at  P  it  yf  =  «,  —  «,=  0  nearly.  II 
X  deiDents  are  imcovcred,  A^*,  —  «i,  +  a,^a,  nearly.  Tbese 
dosions  are  easily  itiited  t^  experiment.  If  imaB  drcnlar 
Dtngs  of  different  nxo  be  placed  in  a  peadl  of  G^  dtrerging 
in  a  [rinhote,  maxima  and  mtfffy  wiH  be  foond  in  die  centers 
the  brigbt  areas  projected  on  a  screeo  tbrongfa  the  opemngs 
g.  283),  Tliese  botes  decrease  regularly  in  sue  from  I  to  9, 
the  screen  be  mored  ftbus  changing  the  mnnber  of  half- 
■d  elanent»  wtbtendcd  hy  the  boles  at  the  screen)   maxima 
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change  to  minima  and  vice  versa,  or  if  white  light  is  used  the 
bright  spot  at  the  center  changes  color.  The  central  spot  is  sac- 
rounded  by  a  series  of  colored  bands  of  similar  origin,  but  not 
so  easily  explained  by  elementary  methods.     If  a  hole  is  smaller 


than  the  first  two  half-period  elements,  there  are  no 

minima  within  the  illuminated  area  on  the  screen,  as  there  csn  be 

no  possible  discordance  of  phase  in  the  wavelets  coming  ibfooil'i 

the  hole,  and  consequently  a  diffuse  circular  patch  of  light  is  cu' 

on  the  screen,  which  increases  in  size  as  the  opening  is  IDV» 

smaller. 

If  a  small  disc  be  placed  in  the  path  of  the  light,  so  as  to  co^ 
a  few  half  period  elements  as  viewed  from  P — say  three— tl* 
amplitude  of  P  will  be  /4  — o,  —  a.  +  u.  —  flt--^i«..  A  trig''' 
spot  will  therefore  be  seen  at  the  center  of  the  shadow,  neifb' 
as  intense  as  though  the  disc  were  removed.  At  adjacent  po'"'* 
of  the  axis  there  will  be  discordance  of  phase  between  the  &^ 
tiirbances  coming  around  the  edge  of  the  disc,  resulting  in  destn^ 
live  interference. 


IKTESFfXXKCE. 

itde  rcsull  vaa  fits!  dednctd  by  Poissoo  is 

(heary.  and  wu  consd- 

•tduclio  ad  abmr^uim  dis- 

t   tiieory:   but   latei   Arsxo   ■»<] 

d  tbU  deduclioa  cxpoimeiitillr. 

D  Kput  Ihis  experiment  by  moiml- 

elly   circular    disc   «e*eral    milli- 

s  diRmetcr  on  ■  piece  of  plate   glau 

^ting  it  in  the  peacil  of  sunlight  from  a 

;    opening    several    meters    away. 

Sght  spot  may  then  be  seen  oa  a  screen 

mcicn  beyond  the  disc    A  leprodue- 

C  a  pbotOKraph  of  this  effect  is  shown 

t.  184. 

|>  EOOe  flats.     If  alternate  zones  of  the 
^  Iff  cOTBring  Ibcm  villi  opaqne  screens, 

^  =  '^  +  i*  +  o.  +  o,  +  ai--  ■ 

at  P  will  be  enormously  increased.    Such  tone  plates 

act  as  condensing  lenses  for  particular 
wave  lengths.  They  may  be  made  by 
drawing  a  system  of  half  period  lonc* 
on  a  large  scale  for  any  arbitrary  wave 
length  end  focal  distance  OP,  inking  in 
alternate  zones,  and  photographing  down 
to  fit  the  wave  length  of  any  desired 
color  of  light.  Similar  lone  plates  on  a 
large  scale  may  be  used  for  short  sound 
waves  produced  by  a  high-pitched  whistle, 
using  a  sensitive  Hame  as  a  deleclor. 
Pig.   385  gives  a  representation  of  a  lone 

I  4BT.  Sti&lght  Edge.     If  a  wave  AB   from  a  narrow  slit  .?  passes  over 

k  Mraigbt  edge,  OD  parallel  to  the  slit,  and  if  the  wave  be  divided  Into  half- 

Kriod  elements  with  respect  to  points  P,  Q.  etc.,  on  a  screen  it  may  be 

1  from  Fig.  a86  ihat  at  the  poinls  P^  Pu  P„  P„  etc.,  in  the  geometrical 

*  cacb  beioB  )\  ftuther  from  O  than  the  preceding  point,  the  ompll- 

A,  =  a,  —  a,  +  at—ih-  ■=i"i 
A,  =  ai~at  +  iK~-a,  .  .  .  =iii, 
^,  =  0,  —  0,  +  0,  —  a,  .  .  .  =  Jo, 
At=^at  —  a,  +  a,  —  di  ■  •  ■  =  Jo. 


K^Since  these  lernis  i 


nisb  in 


lagnitude,  it   appea 


the  geomclrical  shadow,  but  rapidly  fades  away.  Since  the  hilf-ptriol 
eleiDeDta  of  red  are  larger  than  ibosc  of  violet,  red  peoetratra  lutthet  is 
the  shade  than  the  other  colors,  violet  the  leasL     This  a 


^^^A 

-r,^'- 

Q, 

ill 
III 

1 1 1 
1 1 , 

-~_";  — 

B 
P. 
P, 

spcclmm  observed  in  looking 
part  of  this  effect  is.  however. 
The  amplitudes  at  the  poin 
shadow  are,  roughly,  since  son- 
elc,  are  effective,  at  these  poir 


it  a  light  over  the  edge  of  an  obsUcle.  A 
due  to  irradiation  ({473). 
Is  Qi.  Qi,  Qt.  etc..  outside  the  gMmetriol 
e  of  the  elementa  below  the  polar  lino 


Ai  -^^la,  —  01+  a,-  ■  ■  ^  |oi  (maidmum) 

^,'  =  a,  —  0,  +  (a,  —  a,  +  o,  ■  ■  ■ )  =  K  (minimum) 

A,'-=at  —  ih  +  '^+  ("i  — Oi+Oi-  -■)  — ai  +  ill  (maximum) 

Therefore  a  series  of  colored  bands  arc  seen  just  outside  the  geooiettlcil 
shadow.  It  must  be  understood  that  a  different  aet  of  half-period  detpeni' 
niu9l  be  constructed  for  each  paint  P,  Q;  R  being  the  pole  of  Qu 
of  P,.  etc. 
468.  NaxTOW  Slit.  If  two  straigbt  edges  arc  opposed  so  as 
narrow  sUl  of  width  AB  (Fig.  a8?)  there  will  be  a  bright  band  al 
the  two  central  half-period  elements  of  an  incident  wavi 
two  on  each  aide  are  exposed  Ihe  effect  at  P^  is 


ifoolr 
expoKl   ' 


=  20, 


U  three  half -period  clemi 


30.  (nearly  lera) 

each  side  are  exposed 
m,-^  aot  (maximinn) 


nenlraliEe  each  othet  in  pairs;  H  it  ■ubtends  an  odd  number 

:a(s,  there  will  be  deitruclive  interference  between  pain,  leavine  tl 
e  effective,  consequently  there  will  be  a  aeries  of  maxima  and  i 
on  each  aide  of  the  axis. 

a  eaaj  to  determine  the  width  of  ihe  bands,  H  APi  —  flP,  =  ! 
*S8)  we  may  consider  the  effects 
At  P,  of  AO  and  OB  to  be  nearly 
same  numerically,  but  to 
differ  in  average  phase  by  half 
1  wave  length.  The  two  cancel 
each  other.  At  P,.  where  AP, 
',  =:iX,  we  may  imagine 
the  slit  divided  into  ibree  nearly 
equal  strips,  which  conlribute 
effects  at  P  allematiog  in  phase. 
Two  cancel  each   other,   leaving 

e  third  effective.     If  D  is  the  distance  of  ih 
width  of  the  central  maximum  is  iPtP,,  and 

PJ>,:  D  =:\:  AB 


Een  from  the  slit,  the 


The  other  bands  are  of  half  this  width,  or  D.\/AB.    The  width  of  all  the 
bands  is,  tberefoie.   inversely  propartionsl  to  the  width  of  the  alit     The 


id 


in.  BtMlTinc  PBW«r.  If  light  from  a  narrow  slit  passes 
throngfa  snotfacT  slit  to  a  screen  the  central  maximtito  tnay  be  re- 
garded as  an  image  of  the  &rst  slit  (corresponding  to  a  pin-bole 
image).  The  wider  the  second  slit  is  opened  (up  to  the  point 
where  diffraction  effects  cease)  the  narrower  and  sharper  this 
image  will  be.     Similar  considerations  apply  to  light  from  point 


sources  through  circular  openings.  If  we  look  through  a  small 
pin-hole  at  a  distant  light  it  will  appear  much  larger  than  when 
viewed  with  the  naked  eye.  The  filament  of  a  lamp  appeart 
thicker  when  seen  through  a  narrow  slit.  If  an  image  is  formed 
by  a  lens  or  mirror  the  same  conditions  hold  as  for  a  narrow  slil. 
'  the  lens  or  mirror  preserving  the  uniformity  of  phase  of  the  whole 
wave  with  respect  to  the  focus  that  exists  for  a  narrow  slit  with 
respect  to  its  central  maximum.  Consider  the  image  of  a  narrow 
source  5'  (Fig.  290).  At  P,  and  P,  on  each  side  of  P.  there  will  be 
a  minimum  if  AP,  —  BP,  =  k  =  BP^  —  AP,  in  which  case  the  dis- 
turbances from  the  two  halves  of  the  lens  reach  P,  and  P,  in  oppo- 
site phases  and  cancel  each  other.     The  width  of  the  image,  which 
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I  merely  a  diffraction  maximum,  is  therefore  P,P,-  If  the  source 
is  very  small  such  effects  arise,  and  the  central  maximum  will  be 
of  the  shape  of  the  source  (but  differently  oriented),  as  any  par- 


ticular dimension  of  the  image  will  be  inversely  proportional  to 
the  same  dimension  in  the  source,  as  appears  from  the  relation 
(§468). 

PJ',  =  2PJ',  =  zD\/AB 

Observation  shows  that  two  diffraction  maxima  cannot  be  clearly 
separated  if  they  are  closer  than  the  distance  from  a  maximum  to 
the  adjacent  minimum.     If  the  image  of  S,  for  example  lies  at  P, 


it  can  barely  be  seen  as  separate  from  f ,.  The  corresponding  in- 
tensity curves  are  shown  in  Fig,  291.  The  two  images  will  over- 
lap if  the  angle  subtended  by  the  objects  at  the  lens  is  less  than 
a^P^JD  =  \/AB.     This  is  called  the  angle  of  minimum  resolu- 


Such  conditions  apply  only  lo  small  ; 
is  large  eacb  point  will  tiave   a  large  1 
These  maxima  will  overlap  and  blot  ot 
boundaries  of  the  image. 
^KjEtm  ate  piactically  point  sources  of  light. 


If  tbe  source 
iffraction  maximum  at  the  focus. 
diffraction  effects  except  at  tbe 


Tb«ir  images  aa  formed  bjr 


LIGHT. 

a  Iclcuope  with  a  small  objective  appear  ntucb  larger  thao  wbci 
wilb  a  large  telescope,  the  diameters  of  tbe  central  maxima  being 
propoftional  la  the  diameter  /iB  of  Ibe  lens.  The  image  of  a  dotiblc  mi 
formed  by  a  small  telescope  may  be  one  large  blur,  while  that  formed  tj 
a,  large  telescope  consists  of  two  distinct  points  of  light.  The  ibilitj 
scparalc  the  images  of  two  small  adjacent  sources  is  called  resolTioj 
power,  and  as  shown  above  it  is  directly  proportional  to  the  diameter  of 
the  lens,  mirror,  or  prism  forming  tbe  image — or  to  the 
the  effective  beam  of  light,  if  it  does  not  cover  the  above. 

If  we  had  larger  eyes  we  could  sec  much  6ner  details  than  we 
now  do.  Conversely,  it  is  physically  impossible  for  smaJl  insects 
to  see  details  clearly.  To  them  an  incandescent  filament  most 
appear  as  it  does  to  us  when  we  look  at  it  through  a  very 

470.  Diffraction  Orating.  Tf  there  are  a  number  of  narro\ 
equidistant  parallel  openings  in  a  screen  each  pair  of  openings 
will  produce  effects  similar  to  those  observed  in  Young's  double 
slit  experiment.  If  a  lens  is  placed  in  front  of  such  a  difTractioo 
grating,  as  tt  is  called  (Fig.  392),  the  same  path  difference 


P 

H  exist  between  any  pair  of  adjacent  parallel  rays.     If  a  is  the  i'^ 

I  tance  between  openings  and  if  tlie  angle  between  OP,  and  OP,^^ 

I  a  (measured  from  the  lens  L),  the  common  difference  of  path  is 

H  a  sin  a,  and  the  condition  that  there  shall  be  a  maximiun  at  P,  io' 

H  the  wave  length  A  is 

^L  Thi 


The  central  maximum  P,  is  white  as  the  condition  for  reenforce- 
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ment  at  that  point  (h^o)  is  the  same  for  all  colors.  The  other 
maxima  are  drawn  out  into  spectra  on  each  side  of  the  axis,  as  a 
varies  with  the  wave  length.  The  value  of  the  ordinal  number  n 
deterraines  the  "order"  of  the  spectrum.  If  a  is  a  small  angle 
the  distances  between  points  in  the  spectra  are  nearly  proportional 
to  the  differences  of  the  corresponding  wave  lengths,  so  that  the 
spectra  formed  by  gratings  are  said  to  be  normal,  as  contrasted 
to  those  due  to  prisms,  in  which  there  is  no  simple  law  of  distribu- 
tion. The  grating  spectrum  is  rational,  (hat  is,  all  gratings  give 
spectra  which  are  alike  in  their  distribution  of  colors,  although  they 
may  differ  in  length.  The  lengths  of  the  spectra  increase  directly 
as  the  order  of  the  spectrum,  so  that  those  beyond  the  first  over- 
I  lap,  and  they  also  rapidly  diminish  in  intensity. 
^^  The  effect  due  to  a  grating  is  precisely  the  same,  so  far  as 
^Losition  of  maxima  is  concerned,  as  that  due  to  two  slits  with  the 
^name  interval  between  them.  The  intensities  of  the  grating  spectra, 
however,  are  far  greater,  the  amplitude  of  vibration  being  in  pro- 
portion to  the  number  of  openings.  The  resolving  power  of  a 
grating  is  also  greater.  The  width  of  a  maximum  in  the  inter- 
ference bands  given  by  two  slits  is  (_%40S)w^DK/a.  The  width 
of  the  maxima  given  by  a  grating  having  N  openings  is 
vf=DX/Na.  since  Na  is  the  aperture  of  the  grating,  so  that  this 
width  is  inversely  as  the  breadth  of  the  grating  (§468).  Diffrac- 
tion gratings  are  generally  used  for  measurements  of  wave  lengths 
(§484). 

A  grating  with  crossed  lines  gives  a  beautiful  series  of  crossed 
spectra.  This  effect  may  be  observed  by  looking  through  a  hand- 
kerchief or  umbrella  top  at  a  distant  light.  Brilliant  diffraction 
effects  are  also  obtained  by  looking  at  a  source  through  a  cobweb 
or  feather,  or  from  the  light  reflected  from  mother  of  pearl.  In 
the  latter  case  the  effect  is  due  to  striations,  as  may  be  proved  by 
^transferring  the  effects  to  wax  by  pressure. 

^B  OoroiU. — SonietitRcs  a  rainbow-colored  circle,  witli  violet  inside,  ma; 
^Bve  seen  around  the  moon  or  in  looking  at  a  light  through  fog  at  dust.  It 
^'inay  l>e  artificially  produced  by  sprinkling  lycopodium  powder  over  a  glass 
plate  and  looking  through  it  at  a  candle  flame.  Ibe  plate  being  at  some 
distance  from  the  eye.  Young  showed  that  Ibe  corona,  aa  it  is  called,  is 
1  doe  10  diffraction  by  amall  particles  of  the  same  size  but  not  necesaarily 
J^B^lifonnly  dislribulcd.     Consider  a  beam  of  light  passing  in  the  direction 
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OP  (Tie-  293^.  t&e  obserrcf's  cje 
bjr  tbe  partfc>  B  viC  be 
red  Btaj  be  at  an  ax^cie  3 


atF.   It  is 


tkat  light 
Tse  fint  maziiBiiDi  iof 
of  tke  fifht.  Aat  for  Tiolct  it 
aacie  /L   All  the  par- 
ticles bing  on  fines  at  an  aiq^  « 
with  the  axis  win  difl^act  red  licit 
to  the  ere  at  P,  while  those  on  a 
fine  at  aogle  /I  with  OP  will  send 
violet    to    the    eye.     Di&actioa 
rings  win  thos  be  prodnced,  their 
angular    magmtode    being    en- 
Y   ^""^^^"^ _  J  dently  inversely  proportional  to 


the  diameter  of  the  particle;  just 
the  diitanre  between  gratiag 


F:c.  293- 


rrx^^Tn^  IS  inrersclj  propordonal  to  the  distance  between  lines.  From  tke 
angular  magnicade  of  the  rings  the  diameters  of  the  particles  causing  them 
may  be  calculated. 


OPTICAL  INSTRUMENTS   AND   MEASUREMENTS. 

471.  The  £ye  is  an  essential  part  of  any  optical  combination. 
Like  a  photographic  camera,  it  is  a  closed  chamber  into  which 
light  can  enter  only  through  the  lens.  As  the  camera  lens  throws 
an  image  on  a  sensitive  photographic  plate  which  excites  the  silver 
grains,  the  lens  of  the  eye  forms  a  picture  on  the  mat  of  sensitive 
nerve  endings  covering  the  retina.  The  amount  of  light  entering 
the  camera  is  regulated  by  an  "  iris  "  diaphragm  of  adjustable  size; 
similarly  the  amount  of  light  entering 
the  eve  is  controlled  bv  the  size  of  the 
pupil,  which  automatically  changes  in 
diameter  between  the  limits  of  about 
2  and  5  mm.  The  parts  of  the  eye  are 
shown  in  Fig.  294.  5"  is  the  sclerotic 
membrane,  the  outer  enclosure  of  the 
eye.  C  is  the  cornea,  a  strong  trans- 
parent membrane.  /  is  the  iris,  the 
colored  part  of  the  eye,  with  a  central 
orifice,  the  pupil,  which  admits  light 

through  the  crystalline  lens  L,  which  focuses  images  on  the  retina 
R,  The  nerve  endings  covering  the  retina  run  together  like  the 
strands  of  a  cable  into  the  optic  nerve  O,  which  conveys  stimuH 


Fig.  294. 
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,  Uie  brain.  Muscles  attached  lo  the  periphery  of  the  lens  can 
^  their  contraction  or  relaxation  so  change  its  curvature  as  lo 
^*ble  it  to  focus  either  very  distant  or  very  near  objects  on  the 
*tina.  This  process  is  called  accommodation.  Two  objects  are 
^^arly  seen  separately  when  the  angle  between  them  at  the  eye 
**  a  little  less  than  i',  or  the  distance  between  the  retina!  images 
0.005  """■  Details  are,  therefore,  more  clearly  seen  as  an 
"bject  is  brought  nearer,  as  the  angle  subtended  by  it  and  the 
l«e  of  the  retinal  image  are  then  larger;  hut  there  is  a  limit  lo 
the  power  of  accommodation  of  the  eye,  so  that  usually  no  object 
Dearer  than  about  25  cm.  can  be  clearly  seen.  This  is  called  the 
of  most  distinct  vision.  The  normal  adjustment  of  the 
•ye  when  at  rest,  however,  is  for  "  infinity,"  as  may  be  verified 
fcy  suddenly  raising  the  eyes  when  they  have  been  unemployed  and 
looking  toward  distant  objects.    They  will  be  in  focus. 

een  the  cornea  and  the  crystalline  lens  is  the  aqueous 
A,  and  between  the  lens  and  the  retina  is  the  vitreous 
y,  both  transparent  fluids  with  a  mean  index  of  refraction 
0  1.336.  The  lens  is  built  up  of  transparent  horny  layers, 
increasing  in  density,  hardness,  and  refractive  power  toward  the 
center.  The  index  of  refraction  of  the  outer  layer  is  1.405;  of  the 
next,  t.429,  and  of  the  central  region  1.454.  The  average  index 
of  refraction  is  about  1.437-  This  increase  in  density  toward  the 
axis  serves  lo  partly  correct  spherical  aberration,  which  is  also 
diminished  by  the  iris  diaphragm.  Objects  such  as  printed  letters 
can  be  clearly  seen  through  a  pin-hole  in  a  card,  even  if  they 
are  as  close  as  2  cm.  to  the  eye.  This  has  been  attributed  to  an 
over-correction  of  the  lens  for  spherical  aberration,  so  that  a 
narrow  pencil  passing  through  the  axis  of  the  lens  has  a  very  short 
focus.  It  is  obvious  that  so  much  overcorrection  would  he  worse 
than  no  correction  at  all.  As  a  matter  of  (act,  a  pin-hole  image 
is  formed  on  the  retina,  the  lens  merely  sharpening  the  effect.  The 
fact  that  the  apparent  size  of  the  object  varies  as  the  card  is 
moved  back  and  forth,  the  object  remaining  at  rest,  shows  that 
the  image  is  due  mainly  to  the  pin-hole. 

472.  Virion.  The  retina  is  covered,  except  over  the  optic  nerve, 
by  a  large  number  of  very  small  fibrous  bodies,  the  "rods"  and 
"cones,"   nerve  endings   which   are   in   some   way   stimulated  by 
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9  wbere  the  atnios- 


leen.  In  plac 
this  leads  to 
a  fog  appear  to  be  more  distant 
i  of  their  delails.  The  angle  sub- 
1  tbc  actus!   distance,  hence  they 


by  tbe  clcameu  with  which  details  are 
pherc  is  unusually  clear,  as  in  Arizoni 
of  distance.  Conversely,  objects  seen  1 
than  they  aie,  owing  to  the  indistinctnE 
tended  by  ihcm,  however,  corresponds 
loom  larger  tbati  they  are. 

ITS.  In&dlatloil  is  the  apparent  increase  in  size  of  objects  as  they 
liecotnc  more  luminous.  The  crescent  of  the  new  moon,  for  example,  looks 
larger  than  the  remainder  of  the  disc,  the  "  old  moon,"  which  is  illuminated 
bjr  the  earth  alone.  The  filament  of  an  incandescent  lamp  appears  to 
increase  in  siie  as  it  passes  from  ordinary  temperatures  through  red  and 
white  bcaL  Tbis  eflect  was  long  supposed  to  be  due  to  the  spreading  of 
the  retinal  image  on  account  of  stimulation  of  nerves  outside  of  its  boun- 
daries, in  much  the  same  way  that  an  overexposed  photographic  image  is 
affected.  It  is  now  believed  by  some  that  the  elfect  is  due  merely  to 
spherical  abeiralion  of  the  eye,  which  becomes  more  noticeable  at  the  inten- 
sity of  Ibe  souicc  incrcsscs. 


1  single  con- 


474.  The  Simple  Hicroscope  or  magnifying  glass  ii 
vex  lens  through  which  ob- 
jects at  or  within  the  prin- 
cipal focus  of  the  lens  are 
viewed.  As  shown  in  Fig. 
295,  an  enlarged  virtual  im- 
age A'B'  is  formed  subtend- 
ing al  the  lens  the  same  angle 
a  as  the  object  AB.  The 
linear  size  of  this  image  is  de- 
termined from  the  relation 

l=(v/u)0 

As  the  normal  adjustment  of  the  eye  is  for  infinity,  the  object 

"  Usually  at  or  very  near  the  principal  focus.     In  no  case  can  the 

image  be  clearly  seen  when  nearer  than  the  limit  of  distinct  vision. 

'^^  actual  linear  magnitude  of  the  image  counts  for  little;  the 

"*e  of  ihc  retinal  image  depends  on  the  angle  subtended  at  the 

'y*^,  and  if  the  latter  is  very  near  the  lens  this  angle  is  substantially 

"**.  subtended  from  the  lens.     The  lens  simply  increases  the  power 

accommodation  of  the  eye,  so  that  the  object  may  be  brought 

"^ai-cr  and  thus  subtend  a  greater  angle.     With  the  unaided  eye, 

m^  greatest  detail  is  observed   at  the  distance  of  most  distvtvcLl 


vision  (25  cm.)  where  it  subtends  the  angle  p  (Fig.  295).  M 
the  lens,  the  object  is  brought  nearer,  approximately  to  the  prind- 
pal  focus,  and  the  angle  subtended  by  it  increases  from  J}  to  i 
The  magnification  M  of  the  retinal  image  is,  thet^fore,  a/p.  Uf 
is  the  focal  length  of  the  lens,  d  the  limit  of  distinct  vision 

^B  =  2rf-tan  p/2  =  2f  tan  a/2 

Therefore,  if  these  angles  arc  small 

M  =  a/p  =  d/f 

475.  Eyepiecea.     The  part  next  the  eye  of  an  optical  train  of  1 
lenses,   such  as  those  of  telescopes   and   compound   microscope, 
usually  consists  of  some  form  of  simple  microscope,  known  as  at 
eye  piece.     With  a  single  lens,  much  of  the  light  from  the  real 
image  formed  hy  the  objective  0,  which  is  usually  viewed  through  ^ 


the  eyepiece  would  be  lost.  In  order  to  avoid  this,  ligbt  Is 
gathered  in  toward  the  axis  by  a  second  lens,  called  the  field  lent 
F  (Fig.  2g6).  Nearly  all  the  light  would  pass  by  the  edge  of  tht 
eye  lens  E  \{  F  were  absent.  It  may  be  shown  that  a  com- 
bination of  two  tenses  of  the  same  kind  of  glass  is  nearly  achro- 
matic if  they  are  placed  at  a  distance  from  each  ollwt 
d=  {f^  -\-  f,)/2.  This  property  is  utilized  in  most  eyepieces  which 
consist  of  a  field  lens  and  eye  lens. 

In  Huyghciis-  eyepiece  A  =  3/1  (Fig.  296).  Hence  d  —  2/,  and  i£  llw 
image  due  to  [be  objective  and  tbe  first  Ices  is  formed  half  way  bctw eoi 
the  lenses  Ihe  Emergcitl  light  will  be  parallel  and  a  virtual  image  formed 
it  in&nity.    If  a  cross  thread  is  used,  it  must  be  placed  at 


I  iQward  the  incident  light  and  of  luch  c 
the  ipheiical  aberradoa  lo  tbe  miDimutn. 

In  the  Rarasdcn  eyepiece  (Fig.  396)  f,^=fr  If  the  lenses  are  placed 
apart  at  the  distance  {/,  +  /,) /a,  dust  psrticlea  on  the  field  lens  would  be 
visible    through   the   ! 
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this  paint,  and  the  final  virtual  image  is  at  infinilr-  The  chromatic  aber- 
ration is  small,  and  the  spherical  aberration  is  reduced  by  using  plano- 
convex lenses  with  convex  surfaces  facing  each  other. 

In  all  these  eyepieces  the  emergent  red  and  violet  rays  are  nearly  parallel, 
hence  the  virtual  images  fcrmcd  by  the  different  colors  subtend  very 
nearly  the  same  angle  at  the  eye,  and  are  therefore  of  the  same  size,  but  not 
(|uile  equally  sharply  focused  on  the  retina. 

476.  Oomponnd  Hicroscopfl.  Iti  order  lo  extend  the  limit  of  mag- 
nification beyond  the  point  oblainabie  with  a  simple  microscope,  a 


combination    of   lenses   is   used.     An   enlarged    real    image   A'B' 
(Fig.  298)   is  formed  by  an  object  lens  or  train  of  lenses,  and 


an  eyepiece,  such  as  that  of  Huy- 
ghens,  used  as  a  simple  micro- 
scope which  gives  a  virtnal 
image  A"B".  The  front  lens  ot 
the  objecrive  train  is  usuallj 
of  the  hemispherical  form  de- 
scribed in  §  448,  which  has  i 
great  angular  aperture,  wilh 
very  lit  lie  spherical  aberralion. 
There  are  in  addition  a  number 
of  other  lenses  of  different 
shapes  and  kinds  of  glass,  so 
combined  as  to  reduce  spherical 
and  chromatic  aberralion  to  i 
minimum  and  to  give  a  plane 
focal  surface.  A  typical  combination  is  shown  in  Fig,  299. 
The  magnifying  power  of  the  objective,  of  focal  length  /„  is 

That  of  the  eyepiece  is,  as  shown  in  §  474, 

where  d  is  the  minimum  distance  of  distinct  vision.     The  magni- 
fication due  lo  the  combination  is 

M  =  M,M,  =  1^0  =  Ld/fJ,  approximately 

where  L  is  the  distance  between  the  objective  and  the  eyepiece. 


distante  between 
ipe   which   will   pern 
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imaees  is  obtained  by  a  slight  modificaliDn  of  the  express) 
minimum  angle  of  resolution,  a  —  \/A   (S  469).     The 
d  can  have  is  thus   found  10  be  X/a,  when   the  obji 
of    the   lens.      Since   this   distance    is   proporlionaJ    ' 


ion  found  fgi  l)« 
value  which 
the  surf>ce 


details  which  may  be  dearly  seen  when  the  object  is  illuminated  by  Uoe 
light  will  be  indistinct  when  red  light  is  used. 

477.  Astronomical  Telsscope.    The  object  glass  of  a  telescope 
forma  a  real  and  of  course  greatly  reduced  image  A'B'  of  a  dis- 
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taut  object  (Fig.  300).    The  object  and  its  image  subtend  the  same 
angle  a  at  the  objective,  and  the  object  subtends  practically  the 


angle  a  if  viewed  direclly  by  the  eye.  If,  however,  ihe  eye  views 
the  image  formed  by  the  objective  at  the  distance  of  most  distinct 
vision,  this  image  will  subtend  an  angle  p  which  is  larger  than  a, 
and  the  apparent  magnilication  is  M,:=p/t.  When  this  image 
is  viewed  through  an  eyepiece,  there  is  further  magnification,  the 
image  subtending  the  larger  angle  y.  The  magnification  due  to 
the  combination  is 


M=  M,Ar=  ^ 


The  limiting  angle  of  resolution  between  two  linear  sources  is 
as  shown  in  §469,  \/A,  where  A  is  the  diameter  of  the  objective. 
For  astronomical  purposes  there  is  no  disadvantage  arising  from 
the  fact  that  an  inverted  image  is  formed  by  a  telescope,  but  when 
the  instrument  is  to  be  used  for  terrestrial  purposes  it  is  neces- 
sary to  add  an  additional  lens  or  pair  of  lenses  to  reinvert  the 
real  image  formed  by  the  objective.     This  adds  inconveniently  to 
the  length  of   ihe  tube.     If  the  image  is  inverted  by  reflection 
from  a  combination  of  prisms  the  length  may  be  diminished,  but 
for  most  purposes  where  only  small  magnification  is  required  the 
arm  of  telescope  devised  by  Galileo  is  most  convenient. 
47B.  Dutch  or  Gollleui  Telescope.    This  type  is  used  for  opera  glasses 
nd  for  marine  glassFs.     As  sbown  in  Fig.  jot   an  erect  virtual  image  is 
formed,  tlie  maHnificalion  being  Af  — /,/fi  (!  477)-     The  tube  has  a  lenRlh 
ilcly   equal   to   the   difference   txtween   the   focal   lengths   of   I  lie 
obieetive  and  the  eyepiece,  while  in  Ibe  ordinary  telescope  the  length  is  the 
oE  these  distances. 


A 


179.  KeAectlng  Telescope.  The  objective  lens  may  be  rcpUod 
by  a  Urge  concave  mirror.  In  this  way  chromatic  abemtio!! 
may  be  entirely  avoided,  but  spherical  aberration  ts  more  trouble- 


i 


some  than  with  refractors.  As  the  real  image  is  formed  along 
the  axis  of  the  mirror  and  in  the  path  of  the  incident  li^ 
special  devices  are  necessary  in  order  to  view  it.  In  the  New- 
tonian telescope  the  image  is  reflected  to  one  side  by  a  small  ri^- 
anglcd  prism  which  cuts  off  very  little  light,  and  is  viewed  by  W 
eyepiece  in  the  side  of  the  tube.  Herschel  lipped  the  mirror 
slightly  so  that  the  image  was  formed  at  the  edge  of  the  open  eid 
of  the  tube,  at  which  point  the  eyepiece  was  fixed.  In  other  fonnJ 
a  small  mirror  in  the  axis  reflects  the  image  back  into  an  tjt- 
piece  set  in  the  center  of  the  objective  itself,  so  that  it  can  be 
viewed  from  behind. 

The  first  Iclcscope  wis  probably  made  b]i  Lippcrshey,  in  Hollud  tlwgl 
160B,  with  ■  concave  lens  for  eyepiece.  Rumors  of  this  diacoveir  re»cW 
Galileo  next  year,  and  he  immediately  devised  a  telescope  hariog  a  pbR>- 
coavex  objeclive  and  plano-concave  eyepiece.  The  discovery  of  Jopilti'" 
Mtcllites  and  Saturn's  rings  soon  followed.  This  subvenion  of  the  scceptd 
order  of  things  Bically  scandalited  the  orthodoit.  Kepler  introduced  llit 
conTcx  eyepiece  about  1611.  In  order  to  diminish  the  spherical  ibcrratino, 
Huyghens  and  others  used  objectives  of  very  great  focal  length.  Tht 
objective  and  the  eyepiece  were  mounted  at  opposite  ends  of  rod*  of  great 
length. 

Newton  devised  the  reflecting  telescope  in  order  to  avoid  chromatic  aber- 
ration. After  Dolland's  discovery  that  chromatic  aberration  may  be  cor- 
rected, the  refracting  telescope  again  came  into  favor. 

Some  very  large  reflecting  telescopes  have  been  made,  the  largeit  being 
that   built   by   Lord   Rosse  in    1845,   which   had   an   objective  six   feet  in 
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The  largest  refracting  objective  ii  that  of  tbe  Yerkcs  Observa- 
tory of  the  University  of  Chicago,  which  has  an  objective  forty  inches  in 
diameter  and  of  nearly  eighty  feet  focal  length. 

The  use  of  a  single  lens  as  "  burning  glass  "  and  magnifier  is  of  unknown 
antiquity.  The  iovenlion  of  the  compound  microscope  is  ascribed  to  variont 
persons,  to  Galileo  among  others.  At  any  rate  he  appears  to  have  been 
led  independently  to  its  construction  by  his  success  with  the  telescope.  1 
The  instrument  has  reached  its  present  excellence  largely  by  i 
Amici'i  discovery  of  the  hemispherical  lens  and  of  the  effects  of  ii 
and  of  Abbe's  imptovements  in  the  manufacture  of  glass  of  suitable  optical 
properties,  and  in  the  theory  and  art  of  lens  construction. 

480.  Fbotograptaic  Camera.  This  is  a  form  of  camera  obscura 
in  which  the  image  formed  by  a  lens  falls  on  a  sensitive  photo- 
graphic plate.  The  requirements  demanded  for  the  lens  are  exact- 
ing and  in  some  cases  contradictory  to  each  other.  It  must  give 
images  tree  from  spherical  and  chromatic  aberration,  and  in  many 
cases  have  great  light  power  and  a  large  field  of  view.  The  focal 
surface  must  be  plane,  and  the  magnification  must  be  the  same  in 
all  parts  of  this  plane,  so  that  no  distortion  is  produced.  The  depth 
of  focus  must  be  great,  that  is,  objects  at  different  distances  must 
have  images  approximately  in  focus  at  the  same  time  on  the  plate, 
t.  e.,  the  rays  or  normals  to  the  wave  fronts  must  meet  at  as  small 
an  angle  as  possible.  As  the  film  is  most  sensitive  for  the  shortest 
waves,  the  lenses  must  be  corrected  for  the  violet  and  the  yellow, 
instead  of  blue  and  red.  A  diaphragm  with  small  openings  is 
used  in  front  of  the  lens,  if  it  is  a  single  achromatic  combination, 
such  as  is  used  for  landscape  work.  This  reduces  spherical  aberra- 
tion and  at  the  same  time  gives  a  greater  depth  of  focus  (ap- 
proximating to  the  principle  of  the   pin-hole   camera,   in  which 

S  focus  is  nearly  independent  of  the  distance).  A  diaphragm 
1  single  lens  results  in  a  distorted  image,  however,  as  shown 
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in  Kig.  30a,  which  represents  the  distortioi]  of  a  quadrilateral  rwt- 
work  with  the  diaphragm  in  front  of  the  Icos.  and  Fig.  303,  which 
gives  the  effect  due  to  a  diaphragm  behind  the  lens.  The  canw 
is  readily  seen  to  he  due  to  the  difference  in  deviation  of  pendli 
passing  through  the  center  and  the  edge  of  the  lens  respectivdjr. 
U  two  lenses  are  used,  with  the  diaphragm  at  the  optical  center  of 
the  combination  these  distortions  correct  each  other. 

As  shown  in  Fig.  J04,  the  perfect  symmetry  of  tbe  incident  and  the  tiuu- 
niitled  MTond>nr  txra  AA',  BB',  CC,  etc,  with  respect  to  tbe  openini  0 
shuws  ItiaK  Ibc  distances  AB,  BC.  etc,  in  the  object  are  in  tbe  same  ralio 


u  the  corrtspondins  distances  A'B',  B'C.  etc.,  in  tbe  insEe,  m  tb*t  tkete 
a  no  distortion,  and  if  A.  B,  C  are  in  the  sBme  plane,  A'B'C,  etc,  must  tic 
in  the  same  plane.  Such  lenses  are  called  rectilinear  or  orthoscopic  doublds- 
The  siie  of  the  phoioeraphic  image  of  a  distant  abject  is  ncsriy  p^)[«^ 
lional  to  the  foot  lenstb  of  the  lens.  It  is,  however,  inconvenient  10  gi" 
a  great  length  to  Ihe  camen  tni. 
Tbis  diificully  is  avoided  b;  ibi 
use  of  the  teleobjective,  in  wkicb 
a  concave  lens  I-i  is  placed  lic- 
hind  the  converging  lens  L  (FJ(. 
30s).  The  divergent  eflect  of 
this  lena  gives  a  virtual  fool 
length  eijual  to  PF,  while  tit 
luch  smaller  length  LF.     A  greatly  enlarged  imige  i* 


secured,  but  the  field  of  view  is   reduced. 

4S1.  The  PioJecUon  Lantern  is  used  tt 

r  less  transparent   objects  on  a 


throw  an  enlarged  image  A'B 
screen.    Tbe   object   AB  (Fig. 
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illuminated  by  B  condenser  C,  consisting  oE  two  ihick  plan 
tenses,  with  convex  sides  fncins  each  oiher.  The  sources  are  asually  the 
electric  arc  or  the  calcium  tight.  The  {(reusing  lens  L  is  generally  of  the 
pfaolOKi^phic  doublet  type,  in  order  that  an  undisloncd  image  may  be 
formed  on  the  screen.  The  objecl  of  the  condenser  is  not  only  lo  illumi- 
nate the  object,  but  also  to  enlarge  the  field  beyond  the  limit  which  would 
otherwise  be  set  by  the  cross-sectioo  of  the  focusing  lens. 

482.  Tlie  Spectroecope  is  an  iustrument  designed  to  analyze  com- 
plex radiations  by  prismatic  dispersion  (§436)  or  by  the  dilfraclioB' 
grating.  In  order  to  secure  as  complete  separation  of  the  colon.' 
as  possible,  or  a  "  pure  "  speclriim,  a  narrow  slit  must  be  used  as  s 
source,  so  that  the  colored  images  o£  the  slit  will  overlap  as  little 
as  possible.  The  resolving  power  must  be  so  great  that  the  diffrac- 
tion images  of  the  slit  or  "  lines  "  do  not  overlap,  and  this  requires 
large  apertures  for  the  lenses  and  prism  or  grating  (J  469).  The 
larger  the  dispersion  the  more  complete  the  separalion  of  the 
images.  For  given  dispersion,  the  length  of  the  spectrum  is  pro- 
portional to  the  focal  length  of  the  observing  telescope,  but  this 
merely  affects  the  scale  of  the  spectrum,  not  the  resolution  of  the 
;  clearness  of  detail. 

1  of  the  ordinary  form  of  spectroscope  is  shown  in  Fig.   307. 


n 


essential  parts  a 
the  wedge  of  light  from 
the  slit  into  a.  parallel  beam : 
a  prism  lo  disperse  the  colors; 

which  real  images  of  the  slit 
are  produced  at  ihe  focus  of 
the  eyepiece  E.  If  light  af 
an  infinite  number  of  colors 
is  emitted  by  the  source,  Ihe 
infinite  number  of  partially 
overlapping  images  forms  ■ 
continuous  spectrum ;  if  only 
a  finite  number  of  colors  are  1 
images,  giving  a  discontinuous  < 
centric  pencil  (cone)  incident 
mission  at  the  angle  of 
mission,  it  becomes  astigi 
condition  of  bom ocentri city 
it  when  the  incident  lit 


a  collimating  lens  C,  which  con- 


:  Hnc 


will  be  a  finite  number  of  slit 
a.  As  shown  in  9  435.  a  homo- 
lains  homocentric  after  trans- 


Mtecpt  1 


deviation ;  for  all  other  angles  of  trans- 
and  no  true  image  ia  produced.  The 
}t  be  fuIG.Iled  for  all  colors  simultaneously 
parallel,  in  which  case  light  of  each 


in  a  paralle!  beam.  For  tUs  rcuoa  the  eolfimator  is 
Tkxs  jecs  catt  be  achromatic;.  So  far  as  purity  of  spcclium  is  coDcencd, 
it  is  eridcEtlj  msaeccssaxj  for  the  telescope  lens  to  be  achromatic,  bat  it  is 
Y3s&all7  ccrrected.  in  order  that  all  the  colors  may  be  at  cmce  in  the  foes 
of  the  eyepiece.  Positiotts  in  the  specimm  may  be  referred  to  the  imige 
of  a  scale  R  reflected  from  the  side  of  die  prism. 

This  instrozent  is  called  a  spectrograph  when  the  telescope  is  replaced 
by  a  camera  for  photosnphinc  the  spectrmn,  and  spectrometer  when  pro- 
vided vith  a  sradoated  circle  for  measuring  the  asg- 
n!ar  deviation  of  the,  light. 

The    direct-Tision    spectroscope,  usually  made  is 
small    sizes  for  pocket    use,  has  a  combination  of 
Fzc.  30S.  crown  and  flint  glass  prisms,  as  shown  in  Fig.  308. 

The    mean    deviation    is    zero,    but    there   is   some 
residoal   dispersion   which   ghres  a  short   spectrum. 

48S.  A  Pluio  DiiErmction  Gxating  may  replace  the  prism  of  a 
spectroscope,  or  spectrometer.  With  the  latter  the  angular  devia- 
tions of  the  diffraction  maxima  mav  be  measured  and  the  wave 
lengths  determined  by  the  relation  deduced  in  §  470. 

The  first  gratings  and  the  first  wave  length  determinations  were  made 
by  Fraimhofer  about  1821.  His  gratings  were  constructed  of  fine  wire,  or 
by  ruling  lines  on  a  smoked  glass  plate.  Later  gratings  were  made  by 
Saxton  in  America  (1843)  and  by  Norbert  in  Pomerania  (1863),  by  mliog 
lines  on  a  glass  plate  with  a  diamond  point.  Rutherford,  of  New  York 
(1863),  improved  the  process  of  construction,  and  also  devised  reflectioa 
gratings,  ruled  on  mirrors  of  speculum  metaL  The  bright  reflecting  strips 
between  rulings  act  like  illuminated  slits.  Rowland,  of  Johns  Hopkins  Uni- 
versity, about  1883  further  improved  the  process  by  the  construction  of  a 
nearly  perfect  screw,  with  which  the  carriage  holding  the  mirror  could  be 
displaced  by  equal  intervals  parallel  to  itself.  Rowland's  ruling  machiotf 
are  entirely  automatic,  so  that  they  may  be  left  to  do  their  work  in  a  constant 
temperature  room  without  the  disturbing  influence  of  the  presence  of  any 
person.  As  many  as  110,000  lines  to  the  inch  may  be  ruled  by  these 
machines,  but  the  usual  number  is  about  15,000. 

Cheap  copies  of  a  grating  may  be  made  by  flowing  a  film  of  collodion  on 
them,  which  may  be  stripped  off  when  dry  and  mounted  between  i^ass 
plates. 

484.  The  Ctoncave  Grating  was  Rowland's  greatest  contribution  to  spec- 
troscopy. The  lines  are  ruled  at  equal  distances  on  the  surface  of  a  con- 
cave mirror  of  speculum  metal  which  focuses  as  well  as  diffracts  the  light 
If  R  is  the  radius  of  curvature  of  the  mirror  (Fig.  309)  and  if  the  slit  is 
at  any  point  on  the  circumference  of  a  circle  having  the  radius  ss  its 
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;ter,   it  is  fomid    tiiat    Ae 

-a  of  all  orders  are  in  loctis, 
the  drcamference  of  this 

circle,  so  that  no  lenses  are 

sary.    Usually   the   grating 

noonted  at  one  end  and  the 

ece,  or  camera,  B  at  the 
end  of  a  beam  R  equal  in 

1  to  the  radins  of  the  grat- 

This  beam  has  a  swivel 
under    each    end,    which 

I  on  tracks  at  right  angles 

ich  other,  with  the  slit  at 

atersection  S.   The  distance 

etween  the  slit  and  the  eye- 
are   proportional  to  a  sin  p^^ 

fX,  and  therefore  are  pro- 

>nal  to  the  wave  lengths  of  the  part  of  the  spectrum  in  the  field  of 


i.  Mlchftliwn'g  Interfeiomefr.    The  surface  of  the  glass  plate  P| 
310)  is  "half  silvered,"  that  is,  the  silver  film  is  of  such  thickness 


M|     Mi 


Fig.  310. 


ibout  one  half  of  the  incident  light  is  reflected.  Light  from  the  point 
an  extended  source  falls  on  this  surface  at  A  and  is  in  part  trans- 
i  to  the  mirror  Mi,  in  part  reflected  to  the  mirror  iff.    From  these 


Fia  3x1. 


4^6  UGBT. 


mxmgtn  k  will  be  nfcurd, 
tfce  eye  at  £.  If  JT^  ud  JT,  are  M  the  aaae  optical  dMnoe  fraa  5  »di£ 
t&ey  are  paranri.  tbe  Hgfct  viD  appear  to  cone  from,  two  CAJiilf  aqpcr- 
Tmpoaef?  xsaces  of  ^e  soorce  axkd  there  wOl  be  wo  interference.  The  pfate 
F^  is  introdaccd  sereij  to  grte  the  ny  SAMx  the  same  path  in  glas  as  the 
raj  SAM^  so  that  the  optical  and  the  n'li—liii  il  pa^s  will  be  the  nae. 
Vow  if  the  anrror  M^  be  displaced  to  J^x'  a  dhijwr  tf  the  two  images  of 
the  soorce  wxH  be  displacrd  a  dittaiice  id  bat  wiH  remain  parallel  (Fif. 
311;.  The  dxfferesce  of  path  of  the  rajs  coming  from  two  correspoodiac 
p<>ists  Si  and  S^  of  these  images  to  the  eje  at  £  is  ^  cos  t.  Along  tlK 
axis  SO  the  difference  of  path  is  2d  and  anmnd  this  are  areolar  friages 
corrc9p<«ding  to  the  loci  of  cos  t  ^  constant.  If  the  miirois  are  not  (joite 
parallel,  the  images  will  be  inclined  at  a  small  angle,  and  the  effects  pfo- 
doced  will  be  similar  to  those  doe  to  a  wedge-shaped  film.  The  fringes 
will  be  parallel  and  straight. 

By  slowly  displacing  one  mirror  and  counting  the  nomber  of  fringes  H 
displaced  across  the  field,  the  distance  throQgh  which  the  mirror  has  mored 
may  be  determined  from  the  relation 

Michelson  has  by  this  method  measured  the  length  of  the  standard  meter 
in  Paris  in  terms  of  the  wave  lengths  of  several  of  the  spectral  lines  of 
cadmium.  The  wave  lengths  of  spectral  lines  are  probably  the  most  per- 
manent and  unchangeable  standard  of  length  which  can  be  obtained. 

If  the  light  has  only  two  components  of  slightly  different  wave  lengths, 
as  in  the  case  of  the  D  lines  of  soditmi,  and  if  the  mirror  Mx  be  diiqdaced 
from  the  position  where  the  optical  paths  AMx  and  AM^  are  equal,  the  two 
sets  of  fringes  due  to  the  two  components  will  gradually  get  out  of  step. 
When  the  maxima  of  one  set  are  superimposed  on  the  minima  of  the 
other,  the  field  will  be  nearly  uniformly  illuminated,  and  the  visibility  of 
the  fringes  is  small.  If  the  mirror  be  further  displaced,  the  fringes  will 
once  more  get  into  step,  their  maxima  and  minima  will  coincide,  and  the 
visibility  will  be  great.  • 

When  the  visibility  first  reaches  a  minimum 

2d=:n\r=  — X,  or  Xj  —  Xa  =  — = — -=  — 

2  2n        40         40 

In  this  way,  if  the  average  wave  length  X  of  the  two  lines  is  approximately 
known,  very  accurate  measurements  of  the  difference  of  their  wave  lengths 
may  be  made,  and  two  lines  which  are  so  close  that  they  cannot  be  resolred 
by  a  grating  may  be  separated  if  d  is  made  sufficiently  large. 

486.  Fabry  and  Perot  Interferometer.  In  the  Michelson  instrument 
only  two  interfering  pencils  are  effective.  The  interference  bands  are, 
therefore,  broad  and  diffuse,  like  those  produced  by  the  interference  of  light 
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two  >lj».  Fabiy  and 
t  devised  an  iolcrferomcler 
composed  qF  two  balf-silvercd 
parallel  glasi  surfaces  AB  and 
CD  (Fig.  312).  If  light  from  an 
ex  I  coded  source  is  incident 
normaily  or  nearly  so  a  large 
Dumber  of  rays  arising  from 
mtilliplc  TcSectioD  will  be  in  a 
condition  10  inlcrFcrc.  and  the 
fringes  may  be  seen  in  the 
iTansRiitlcd  light.  The  resolv- 
ing power  of  such  an  atrange- 
ment  is  proportional  lo  the  num- 
ber of  coRiponenls,  as  rn  the 
cue  of  a  grating,  so  that  the 
Lands  are  very  narrow,  like  the 
spectral  lines  due  to  the  latter.  The  tises  of  the  instrument  are  the  same  as 
lha»e  of  the  Michetson  interferometer,  but  it  is  more  powerful.  It  is  not 
necessary  lo  restrict  observations  to  positions  of  the  fringes  giving  maximum 
and  minimum  visibility,  because  the  fringes  are  so  narrow  thai  when  light  of 
two  diifercDl  wave  lengths  is  used,  a  separation  of  one  scl  from  the  other 
as  small  as  one  twentieth  of  the  distance  between  fringes  is  easily  detected, 
or  the  resolving  power  is  some  ten  times  as  great  as  with  the  Micfaelson 
interferometer. 

With  these  and  similar  forms  of  interferometers  differences  of  path 
between  interfering  beams  of  several  hundred  thousand  wave  lengths  have 
been  reached. 


I 


487.  In  the  Ueamrement  of  Befractive  Index  of  solids  i 
ismatic  form  the  relation 


the 


sin  — 


I  used.     The  angles  of  Ihe  prism  and  of  medium  deviation 

measured    on    a    spectrometer.      The   same 

method  may  be  applied  to  liquids  if  they 

^  Y     7     T     S   are  contained  in  hollow  prisms  with  glass 


Flo.  jij. 


shdes. 

The  index  of  refraction  of  plane  parallel 
plates  may  be  obtained  from  the  relation 
deduced  in  §  432.    A  mjctOBCOve  \s  VotxiwA 
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on  a  small  object  on  a  table,  such  as  a  pencil  mark  O  (I^g.  313)- 
When  the  plate  is  placed  over  the  mark  it  will  be  necessary  to 
raise  the  microscope  a  distance  d  to  bring  the  virtual  image  O'  into 
focus.  The  apparent  depth  of  the  objea  below  the  surface  b 
('!=I/n,  and  <i  =  (— f  =  (  — </«.    Hence 


The  index  of  thin  filmi  ma)'  be  fomtd  with  the  HichclwMi  interferometer. 
If  ■  film  of  thickoesi  t  be  introdnced  in  the  paik 
of  one  ny  the  change  of  i^tical  path  prodttEed  ii 


W///^///////M 


k 


<"-•)!. 


The  index  of  nfracdon  of  a  liquid  or  of  1 
■mall  portioa  of  an  opaqne  object  ma;  be  deter- 
mined b;  meamriog  the  angle  of  total  reflectioo 
from  its  aurface  when  in  contact  with  a  more  re- 
fractive medium  and  using  the  relation  ^d  k=^ii/»a 
where  n  i>  tbe  index  of  the  less  and  n,  that  si 
^        the  more  refractive  medium. 

In  Abbe's  total  refractomcter  two  rig^t-an^ad 
Fic.  314.  prisma  of  known  index  of  refractlDn  %  are  hcM 

in  a  frame  as  sbown  in  Fig.  314  with  a  parallel- 
sided  space  between  tbeir  hypotbcnuse  surfaces,  which  ma;  be  filled  *ilt 
tbe  fluid  under  investigation.  A  beam  of  parallel  light  is  incident  nor- 
mally on  AB  and  falls  on  the  surface  AC  at  an  angle  >  =  a.  If,  now,  Ite 
prism  case  be  rotated  through  a  certain  angle  t  the  traoimitted  ligbt  ii 
suddenly  cut  out  b;  total  reflection  from  the  surface  AC,  on  which  it  it 
incident  at  the  angle  ^.     Then  if  the  critical  angle  ia  K 


lin  K  =  sin  (a -f  «)  =  "/«. 


By  tbe  elimination  of  #  it  is  fotmd  that 


H  ^=  sin  a^«i'  —  sin" '  +  "^^  a  "in  0 
488.  Lnrnmer-Biodhmi  Photometer.  There  are  a  number  of 
forms  of  photometer  in  use  besides  those  described  in  §  396,  One 
of  the  most  useful  of  these  is  that  of  Lummer  and  Brodhiui.  A 
cube  C  is  made  of  two  right-angled  prisms  as  shown  in  Fig.  3IS- 
The  hypothenuse  surface  of  the  one  prism  is  plane,  that  of  the 
other  convex,  with  the  vertex  ground  flat.  These  two  surfaces «« 
in  close  contact.    The  sources  to  be  compared,  .S,  and  S,  an 
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mounted  on  an  optical  bench,  over  the  center  of  which  is  the 
white  screen  IV  of  paper  or  gypsum.  The  diffuse  illumination 
from  this  screen  is  reflected  from  the  mirrors  M,  and  M,  through 
the  prism  faces  AB  and  CD.  Light  from  5,  and  S,  is  transmitted 
without  loss  through  the  area  of  contact  of  the  two  prisms,  and 
is  totally  reflected  from  the  air  61m  between  those  parts  of  the 
hypothenuse  surfaces  which  are  not  in  contact.  If  a  telescope 
is  focused  on  the  region  of  contact  through  the  side  CD,  light  will 
enter  it  from  5,  by  transmission  and  from  S,  by  reflection.  The 
field  will  be  uniformly  illuminated 
if  the  two  sides  of  the  screen  W 
are  equally  illuminated;  otherwise 
the  area  of  contact  will  appear 
brighter  or  darker  than  the  sur- 
rounding part  of  the  field.  The 
arrangement  is  somewhat  similar 
to  the  B  onsen  grease -spot  photom- 
eter. There  are  no  corrections  to 
be  made,  because  the  system  is 
symmetrical  with  respect  to  both 
sources,  and  each  component  of 
light    is    subject    to    exactly    the  '■.  ^ 

me  losses  due  to  reflection  and  Fio.  jis. 

■bsoq^tion. 

480.  Standards  of  Luminosity.  For  accurate  and  easily  repro- 
docible  comparisons  of  photometric  measurements  constant  and 
easily  attainable  standards  are  necessary.  So  far  no  absolutely 
reliable  standard  source  has  been  found.  For  ordinary  purposes 
the  British  standard  candle  is  used.  These  are  made  of  sperm, 
weigh  six  to  the  pound,  and  are  normally  supposed  to  burn  120 
grains  per  hour.  In  actual  practice  there  are  great  deviations 
from  uniformity. 

Other  reliable  standards  are  the  Methven  screen  and  the  Hefner- 
Altcneck  lamp.  The  former  is  a  gas  flame  from  an  Argand 
burner,  the  light  from  which  passes  through  a  rectangular  open- 
ing of  dcflnite  size.  The  latter  is  the  flame  of  a  lamp  burning 
amy!  acetate.  In  both,  the  flame  should  be  kept  at  a  definite  and 
istant  height.     The  light  from  these  sources  is  constant  wilhtnj 

few  per  cent. 
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EMISSION    OF    RADIANT    ENERGY. 

490.  AxuJysiB  of  BadiatioiL  The  methods  by  which  radiatioa 
may  be  analyzed  by  the  dispersion  of  colors,  or  waves  of  different 
length,  have  already  been  described  (§482).  The  radiation  from 
all  known  sources  is  complex — that  is  to  say,  it  contains  waves 
of  more  than  one  frequency  of  vibration.  The  principal  types 
of  emission  spectra  may  be  observed  side  by  side  if  the  image  of 
a  long  electric  arc  is  focused  on  a  slit  beyond  which  a  prism  and 
lens  are  placed  so  that  a  large  spectrum  is  thrown  on  the  screen. 
The  light  coming  from  the  positive  carbon  forms  a  brilliant 
continuous  spectrum  including  all  the  colors.  Next  to  it  is  the 
discontinuous  spectrum  of  the  arc  proper,  the  luminous  flame, 
which  contains  the  vapors  of  carbon,  various  compounds  of  car- 
bon, and  any  metals  that  may  be  present  as  impurities  in  the 
electrodes.  This  spectrum  consists  of  a  number  of  narrow  lines 
due  to  the  metals  present  and  several  groups  of  bands,  each  com- 
posed of  a  large  number  of  fine  lines  so  spaced  as  to  produce  the 
effect  of  the  shading  of  fluted  columns  in  a  line  drawing — ^hence 
they  are  often  referred  to  as  fluted  bands  (see  Plate  opp.  p.  443). 
These  appear  to  be  due  to  the  vapors  of  carbon  or  the  compounds 
of  carbon.  The  bands  are  especially  strong  in  the  violet,  and  this 
gives  the  arc  its  characteristic  violet  color.  The  violet  bands 
appear  to  be  mainly  due  to  cyanogen  or  some  other  compound  of 
carbon  with  nitrogen,  as  they  are  very  weak  if  the  arc  is  de- 
prived of  nitrogen.  Next  to  this  is  the  spectrum  of  the  negative 
electrode,  which  is  at  a  much  lower  temperature  than  the  positive, 
in  which  there  is  very  little  blue  or  violet. 

As  illustrated  by  the  arc  spectrum,  there  are  two  general  types 
of  emission  spectra,  the  continuous  and  discontinuous,  and  the 
latter  in  turn  may  be  divided  into  line  and  band  spectra. 

491.  Invisible  Radiations.  It  was  found  by  William  Herschel 
in  1800  that  if  a  sensitive  thermometer  is  placed  in  any  part  of 
the  spectrum  of  the  sun  it  will  show  a  rise  of  temperature,  this 
effect  increasing  in  going  from  violet  to  red.  It  does  not,  how- 
ever, cease  abruptly  at  the  boundary  of  the  visible  spectrum,  but 
increases  to  some  distance  beyond  it,  and  then  gradually  diminishes, 
the  observed  limit  in  any  case  depending  on  the  sensitiveness  of 
the  thermometer.    Evidently  there  is  radiation  which  is  less  ft- 
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traded  than  the  red,  and  which  by  analogy  we  may  eondlM 
waves  of  greater  length  than  those  of  red  light.  U  was  * 
by  Htrschd  that  this  "  radiant  heat "  is  subject  to  the  sami 
of  reflection  and  refraction  as  light,  but  their  identity  W 
BMierally  accepted  until  nearly  fifty  years  later,  when  Fizfi) 
Foiicault  showed  that  the  invisible  radiation  is  capable  d 
ditcing  interference  effects,  and  Melloni  proved  that  it  is  Ij 
capable  of  dispersion  and  polarization.  As  the  ideas  in  r 
to  the  nature  of  heat  crystallized  it  was  seen  that  heal  i 
associated  only  with  matter,  hut  that  the  energy  of  this  ha 
be  partly  transformed  into  the  energy  of  ether  waves,  ao 
if  absorbed  by  mailer,  will  again  appear  as  heat.  It  thus  bi 
clear  how  invisible  radiations  from  a  hot  body  can  pass  t) 
an  ice  lens  without  melting  it,  and  set  fire  to  a  piece  of  pi 
the  focus.  The  name  "  infra-red  "  is  applied  to  these  10H| 
radiations. 

In  1801  Ritter  showed  the  existence  of  ultra-violet  rai 
in  the  solar  spectrum,  with  waves  shorter  than  those  of 
b]r  means  of  the  chemical  effect  produced  on  chloride  of 
Later  it  was  found  that  photographic  films  are  very  seni 
the  ullra-violet  radiation,  which  is  especially  active  in  its  cl 
effects.  It  also  exeiles  strong  fluorescence  (§517)  in  wai 
stances.  If  a  strip  of  paper  moistened  in  acidulated  sulp 
quinine  solution  is  held  in  the  arc  spectrum  the  excited 
cent  light  shows  the  existence  of  uhra-violet  radiation 
spectra  of  both  the  positive  carbon  and  the  arc  proper. 

For  a  long  time  after  the  undulatory  theory  of  "  radian 
was  firmly  established,  and  it  was  made  clear  that  the  n 
bility  of  the  infra-red  and  ultra-violet  radiations  is  due 
to  the  limitations  of  the  eye,  the  artificial  distinction 
"  heat,"  "  light,"  and  "  actinic "  spectra  held  its  groun 
eye  ■will  "resonate"  to  vibrations  between  certain  limits 
quency,  the  photographic  film  or  fluorescent  screen  to 
otlters;  but  if  the  receiving  surface  is  blackened  the  et 
waves  of  all  frequencies  is  almost  completely  absorbed,  an 
amount  of  beat  developed  we  may  determine  the  amount  g 
in    any  part  of  the  spectrum. 

492.  Mettiode  of  DetectfiiK  Invfritile  Eadiatfon.     Photog, 
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thoroughly  satisfactory  method  of  detecting  even  the  ibortett  altn-tiolH 
radiations  so  far  discovered.  ThU  Tnctbod  cannot  be  used,  howeier,  u 
the  opposite  end  of  the  spectrum,  as  it  seems  impassible  to  make  inj 
photographic  film  which  is  sensitive  to  the  infta-rcd^it  is  difficult  to  mjln 
one  which  will  even  reach  the  limit  of  the  visible  red.  For  this  ctaae 
other  less  satisfactory  melhads  tnust  be  employed,  which  ore  usually  biwl 
on  the  heating  effects  produced.  For  one  of  the  earliest  instruments 
the  detection  of  infra-ied  radiation,  the  thermopile,  as  well  as  other  a 
recent  modifications,  see  1  28G. 

493.  ContiniionB  Spectra.  It  is  a  familiar  experience  that  as  itu 
tempcralure  of  a  body  rises  it  first  reaches  a  dull  red  heat,  thea 
yellow,  and  finally  a  dazzling  white.  Conversely,  if  the  spectnim 
of  the  positive  electrode  of  an  arc  light  is  thrown  on  a  screen. 
and  if  the  current  is  suddenly  cut  off,  it  will  be  observed  thai,  u 
the  carbon  cools,  violet,  blue,  green,  and  yellow  disappear  in  suc- 
cession, and  finally  the  red.  If  a  sensitive  thermopile  is  placed 
far  in  the  infra-red  it  will  be  foimd  that  sensible  radiation  is 
emitted  long  after  the  luminosity  has  disappeared. 

Draper  (1847)  found  that  all  bodies  begin  to  glow  at  about  tlic 
same  temperature.  The  actual  temperature  in  any  case  deptnds 
somewhat  on  the  sensitiveness  of  the  eye,  but  is  not  far  from 
400°. 

After  the  invention  of  the  bolometer  and  other  instnimenU  fof 
examining  the  details  of  infra-red  spectra  progress  was  rapid- 
Paschen  (1897),  Lunimcr  and  Pringsheim  (1898),  and  others  hi« 
shown  that  Draper's  law  is  approximately  true  for  all  colors  aniJ 
temperatures — that  is  to  say,  all  solids  begin  to  radiate  red,  0' 
yellow,  or  violet,  or  any  particular  "  heat  color  "  in  the  infra-r(d 
at  the  same  temperature.  The  spectral  distribution  of  energy  n»y 
be  shown  by  plotting  a  curve  with  wave  lengths  as  abscissx  »od 
ordi nates  proportional  to  the  galvanometer  deflections  obserred 
as  the  bolometer  strip  passes  through  the  spectrum.  Fig.  316  show* 
a  series  of  such  curves  obtained  by  Lummer  and  Pringsheim  for 
temperatures  ranging  from  836°  to  1377°  absolute,  the  source 
consisting  of  a  strip  of  blackened  metal  electrically  heated. 
Langley  has  made  a  similar  energy  curve  for  the  radiation  oi 
copper  at  a  temperature  of  — 2".  The  depressions  in  the  curves 
are  due  to  absorption  by  carbon  dioxide  and  water  vapor.  The 
general  character  is  the  same  for  all  solids,  but  diflferences  in  the 


eaJssio^"  of  r-vdiani  energy. 


■dinates  may  arise  from  diflfereiices  in  Ihc  stale  of  the  surface, 
whether  black,  or  rough,  or  polished,  etc.  Investigation  shows 
that  there  is  a  very  definite  relation  between  the  absolute  tempera- 
ture of  the  source  if  it  is  black,  or  approximately  so.  and  the  wave 


length  corresponding  to  the  maximum  ordinate  of  the  energy  curve, 
such  that  Xn?"^  Constant  (see  §293-4).  This  constant  vnries 
slightly  from  2814  at  621.2°  to  2928  at  1646",  with  a  mean  value 
of  2879. 

The  total  energy  emitted  by  an  incandescent  source  is  propor- 
tional to  the  area  included  between  the  energy  curve  and  the  axis 
of  X.  That  part  of  the  energy  which  produces  luminosity  ii  in- 
cluded between  the  limits  of  the  visible  spectrum.  The  luminous 
efficiency  is  proportional  to  the  ratio  between  these  two  orcns. 
Fig.  317  illustrates  the  relative  luminous  efficiencies  of  the  positive 

I  pole  of  an  arc  light,  of  an  incandescent  light,  and  of  a  piece  of 

I  29 
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red  hot  carbon.  The  lumin- 
ous wwrgy  is  repreMnterf  bj 
the  shaded  pan  of  the  uu 
lietwceo  the  curve  and  the 
A-axis.  Evidently  the  luinin- 
ous  efficiency  rises  very  rap- 
idly with  the  lemperatUFC.  » 
that  a  small  increase  in  the 
current  through  an  incande»- 
Fic.  J17.  cent    lamp    will    greatly  in- 

crease its  brightness,  and  con- 
versely. The  luminous  efficiency  of  the  arc  is  about  10  per  cenL: 
of  incandescent  lamps,  3  to  5  per  cent.;  of  gas  and  candle  flames 
2  or  3  per  cent. 

494.  Law  of  Radiation.  It  may  be  assumed  that  ether  waves  are 
set  up  by  molecular  agitation  in  matter.  In  solids  the  molecules 
arc  so  close  that  there  can  be  little  chance  for  them  to  vibrate  with- 
out constraint  with  their  natural  periods.  Owing  to  frequent  col- 
lisions, a  wide  range  of  velocilies  and  vibration  frequencies  must 
exist.  The  forced  ether  vibrations  will  have  periods  correspontMng: 
to  those  of  the  molecules.  The  greater  part  of  the  radiant  energy 
will  be  due  to  the  large  number  of  molecules  which  have  velocities 
in  the  neighborhood  of  the  mean  velocity.  There  will  be  relatively 
few  molecules  which  will  have  extreme  velocities,  either  large  or 
small,  and  therefore  the  longest  and  shortest  ether  waves  will 
have  relatively  a  small  amount  of  energy.  As  the  temperaturt 
rises  there  will  be  a  general  increase  of  kinetic  energy,  many  rool^ 
cules  moving  faster  but  none  slower  that  before,  so  that  both  th* 
maximum  energy  and  the  maximum  rate  of  vibration  of  the  a- 
cited  ether  waves  will  move  toward  the  violet  end  of  the  spectnun. 
The  source  will  rise  to  red  and  finally  to  white  heat.  It  is  thus 
cviik-nt  that  a  spectral  intensity  curve  must  be  a  sort  of  prob- 
nhilily  curve  based  on  the  distribution  of  molecular  velocities,  with 
its  ordinates  exaggerated  on  the  side  of  the  violet,  as  illustrated 
in  the  curves  of  Fig.  317.  By  such  reasoning  Wien  (1893)  theo- 
retically deduced  the  relation  k„T=C,  known  asWien's  law  (pre- 
viously suggested  by  Weber).  Later  Wien  established  a  general 
relation  between   the  intensity  of    radiation   corresponding  to  a 
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irivcn  wave  length  K.  and  the  absolute  temperature  of  the  source, 
IS  follows: 


nbere  e  is  the  base  of  the  natural  system  of  logarithms.  T  the 
ibsolute  temperature,  and  C  and  c  constants.  The  work  of  Paschen 
and  others  shows  that  this  relation  holds  within  wide  limits  for 
bodies  which  are  black  or  approximately  so.  For  such  bodies  the 
value  of  a  =  5,  c  =  14395,  ^  =  1569  X  lo"-  The  law  KmT  =  con- 
stant ^  c/S  may  be  deduced  hy  differentiating  the  above  expres- 
sion for  a  maximum  value  of  I^,  and  Stefan's  law  by  integrating 
tlie  intensity  over  the  whole  spectrum  (see  §313). 

495.  Diacoatisons  Spectra  were  noted  by  a  number  of  observers 
during  the  first  half  of  the  nineteenth  century,  and  it  was  a£ 
least  dimly  realized  that  in  .some  cases  the  number  and  position  of 
lines  or  bands  is  diaracteristic  of  the  substances  emitting  the 
radiation. 

At  first  cml]'  tbe  spectra  of  flames  were  studied,  but  it  was  found  by 
Angstrom  (iSjo)  that  the  electric  spark  betweeo  metallic  [emiinals  gives 
lines  due  both  to  the  electrodes  and  to  the  surrounding  atmosphere,  and 
Plucker  (1856)  found  that  if  the  electric  discbarge  passes  Ihrough  a  gas 
in  ft  partisll;  exhausted  lube  (vacuum  tube)  the  luminosity  it  confined  to 
the  gas,  and  the  metallic  tines  disappear.  Only  in  exceptional  cases  is  it 
possible  to  make  a  gas  luminous  except  by  the  electric  discharge. 

In  1660  Kirchbolf  and  Bunsen  established  definitely  (be  law  that  alt  gases 
and  vapors  give  discontinuous  spectra,  and  that  these  spectra  are  perfectly 
characlerislie  of  Ihe  substance.  They  discovered  rubidium  and  drsium  by 
the  application  of  Ibis  principle,  which  baa  been  fruitful  in  the  discovery 
of  other  new  elements,  notably  helium  snd  the  rare  atmospheric  gasea  in 

It  would  seem  reasonable  a  priori  to  imagine  that  every  molecule  or  atom 
has  its  own  definite  rate  or  rates  of  vibration,  just  as  a  tuning  fork  has 
one  definite  period  and  a  piano  wire  several.  In  a  solid  or  liquid  con- 
straintB  and  collisions  may  produce  forced  vibrations  covering  ■  wide 
nnge  of  periods,  but  in  gases  or  vapors,  where  molecular  collisions  must 
he  comparatively  few,  there  is  a  preponderance  of  free  vibrations.  If  a 
molecule  or  atom  bas  one  free  period  of  vibration,  say  that  Corresponding 
to  the  color  of  luminous  sodium  vapor,  there  will  be  but  one  image  of  the 
slit  if  Ihe  D  lines  were  single — yellow  in  the  case  assumed.  If  there  are 
3  number  of  coexisting  vibrations  of  different  periods  there  will  he  an 
equal  number  of  spectral  lines. 
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496,  Iiiue  8p«ctxa  an  giTcn  by  Ihe  meuli  and  saJu  of  the  todiuin  *nd 
calcium  groups  in  the  Bucsen  Hame,  and  alto  b;  a  niniiber  of  other  neUll 
if  spray  from  loluiioiu  of  Ihcir  salts,  or  ions  caused  by  the  electric  spadt 
aic   passed   into   the  Banie.    The   ipectnmi   of   the   electric   spark   oi 
between    electrodes   composed  of   or  coated   with  any   metals  or  their 
contains   many  more  lines  Ihaa  that  of  the  flame.    The  numbei  may  be 
very  large,  ranging  from  a  doren  or  so  iu  the  case  of  Ihe  alkali  mcUla 
10  many  thousands,  in  Ihe  caaes  of  iron  and  uranium.     It  seems  that  no  iwo 
elements  have  any  common  lines,  but  the  specirum  of  a  given  elemeol  nuf 
show  differences  in  the  number  and  the  appearance  of  the  lines  according 
the  nature  of  ibe  source,  whether  flame,  arc  or  spark.     (See  Figs,  a,  j,  Plate 
opposite  p.  443-)     All  salts  of  the  same  tnetal  give  tbe  same  line  specln 
although  in  some  cases  they  give  band  spectra  as  well,  which  may  be  chir 
(eristic  of  Ihe  salt  (see  next  section).     The  lines  of  the  non-metallic  to 
ponenls  do  not  appear  with  those  of  the  metal  except  in  rare  cases.    Fn 
the  fact  that  a  salt  gives  the  spectrum  of  the  metallic  component  atone, 
would  appear  Ibal  tine  spectra  are  characteristic  of  Ihe  atomic  state  of  the 
element  and  thai  metallic  atoms  are  more  easily  excited  to  Inminonty  ihas 
non-melallic.     Intense    electric    discharges    through    a    nan -metallic   gas  al 
ordinary  pressures  or  in  vacuum  lubes  give  line  spectra. 

497.  Buid  Spectra  arc  usually  composed  of  6ne  lines  as  shown  in  Fig. 
4  (the  speclruit]  of  part  of  the  carbon  arc,  supposed  to  be  due  to  cyino- 
gen).  The  spectrum  of  (he  green  cone  in  s  Bunsen  flame  gives  a  Tcry 
similar  spectrum  due  (o  carbon  or  its  compounds.  The  salts  of  tbe  calcimn 
group  of  metals  have  flame  spectra  containing  both  lines  and  bands.  AS 
salts  of  calcium,  for  example,  give  the  same  flame  spectrum  under  ordinaiy 
conditions,  but  Mitschertich  (1863)  found  that  if  calcium  chloride,  lot 
instance,  is  placed  in  a  flame  supplied  with  hydrochloric  acid  an  entire!; 
different  band  spectrum  is  produced,  and  still  another  if  the  flame  is  >w- 
pJied  with  calcium  bromide  and  an  excess  of  hydrohromic  acid.  The  infrr- 
ence  is  that  in  these  caaes  (be  bands  represent  the  characteristic  spettra 
of  Ihe  compounds,  and  that  the  spectrum  observed  luider  ordinary  eondi- 
(ions  is  that  of  the  oxide,  due  to  reaction  with  atmospheric  oxygen.  Niu^ 
gen  gives  a  band  spectrum  very  similar  to  that  of  cyanogen  if  a  feeUc  dis- 
charge passes  through  it,  but  an  entirely  different  line  apeclnun  if  tbf 
discharge  is  very  intense.  (Figs.  s.  6.)  Nitric  oxide  gives  a  characleriilit 
band  spectrum  in  the  ultra  violet  very  similar  lo  that  of  nitrogen.  All  li* 
compounds  of  mercury  with  chlorine,  bromine,  or  iodine,  give  chaiactcriin' 
band  spectra  with  feeble  discharges,  and  the  line  spectrum  of  mercury  nilb 
strong  discharges.  Tbe  same  is  true  in  a  number  of  other  cases.  All  Uicse 
facts  are  consistent  with  the  view  that  band  spectra  are  characteristic  oi 
the  molecular  dale  of  either  elements  or  compounds.  Intense  discbaig**- 
by  dJMOciating  the  molecule,  will  produce  line  spectra,  characteristic  of  ll" 

rather,  "  ionic "  state.     The  salts  of  (he  alkali  meuli  are  » 
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t  low  pressures  the  q>ectrun]  of  bydrogen  due  to  the  spark 
I  composed  of  narrow  lines,  which  become  very  broad  at  atmo- 
»eric    pressure,    with    a    background    of   continuotis    spectnim. 

I  probably  due  to  more  frequent  collisions,  which  i 
;  free  period,  the  conditions  approaching  those  of  a 
:  solid.  An  intense  Leyden  jar  discharge  through  a  rapor 
(  very  broad  lines,  which  may  become  quite  narrow  if  sell- 
Increase  of  the  pressure  of  the 
rrounding  atmosphere  often  broadens  the  lines  of  a  vapor  which 
s  not  itself  increase  in  density-.  Another  remarkable  effect  pro- 
1  by  increased  pressure  in  many  instances  is  a  very  small 
shift  of  some  of  the  lines,  not  necessarily  all,  toward  the  red. 
Increased  temperature  of  the  source  generally  broadens  the  lines. 
This  is  probably  in  part  at  least  due  to  the  Ooppler  effect.  Tlie 
waves  coming  from  the  atoms  approaching  in  the  line  of  sight 
are  shortened,  those  from  receding  atoms  lengthened,  by  the 
telescoping  or  the  stretching  of  the  waves,  just  as  the  pilch  of  a 
locomotive  whistle  is  apparently  raised  or  lowered  by  the  ap- 
proach or  receding  of  the  train  (see  §360). 

499.  Limits  of  the  Spectrum.  The  verj-  short  ultra-violet  waves 
are  absorbed  by  all  gases  except  hydrogen,  and  by  most  lenses  and 
prisms.  Working  with  fluorite  lenses  and  prisms  or  a  grating  in  a 
vacuum,  Schumann  and  Lvmann  have  reached  a  wave  length  of 
about  .0001  mm.  The  ordinarily  used  unit  of  wave  length  is  the 
Angstrom  unit,  equal  to  one  ten-millionth  of  a  millimeter.  This  is 
yjometimes  called  a  tenth-meter.     Another  unit  frequently  used  is 
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PL  =  O.OOI  mm.  Expressed  in  these  units,  some  wave  lengths  are 
given  below.  Most  substances  are  opaque  to  very  long  waves,  and 
the  longest  waves  mentioned  were  obtained  by  the  mediod  of 
selective  reflection  described  in  {  542,  the  wave  length  being  then 
measured  by  a  coarse  grating. 

Angstrom  Units  |i 

Shortest   ultra-violet    waves x,ooo  0.1 

Shortest  visible  waves  (violet),  about 3>8oo  0.38 

Violet,  about 4>ooo  04 

Blue    4f5oo  045 

Green    5>aoo  0.52 

Yellow    St7oo  0.57 

Red     6,500  0^5 

Longest  visible  waves  (red) 7>5oo  0.75 

Longest  waves  in  solar  spectrum,  more  than 53>ooo  5.3 

Longest  waves  transmitted  by  fluorite '  95,000  9.5 

Longest  waves  by  selective  reflection  from  rock  salt  500,000  50.0 

By  reflection  from  potassium  chloride 612,000  61^ 

Shortest   electric   waves 60,000,000  =  6  mm.      6.00 

ABSORPTION  OF  RADIANT  ENERGY. 

500.  (General  Absorption.  When  radiation  falls  on  matter  a 
portion  is  reflected,  another  absorbed,  and  if  the  substance  is  trans- 
parent or  very  thin  a  third  is  transmitted.  Black  substances, 
such  as  lampblack  and  copper  oxide,  reflect  and  transmit  very 
little,  the  absorption  being  almost  complete.  Most  substances 
black  to  visible  radiation  are  also  black  to  the  ultra-violet  and 
infra-red  waves,  but  there  may  be  exceptions — for  example,  a 
sheet  of  hard  black  rubber  is  opaque  to  visible  radiation,  bat 
transparent  to  waves  beyond  the  red  (see  §  311).  Substances  like 
that  last  mentioned,  which  absorb  certain  radiations  and  transmit 
others,  are  said  to  exercise  selective  absorption. 

601.  Selective  Absorption  is  characteristic  of  most  substances. 
Familiar  examples  are  red  glass,  which  transmits  red  and  some 
infra-red,  but  no  other  visible  colors;  blue  cobalt  glass,  which 
transmits  blue  and  violet  and  a  little  red  and  green  in  narrow 
regions;  green,  which  transmits  almost  all  the  colors,  but  a  larger 
proportion  of  green ;  chlorophyll  solution,  permanganate  of  potas- 
sium, the  aniline  colors,  and  solutions  of  the  rare  earths,  didymium, 
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c    In  most  cases  the  absorption  bands  are  wide  and  diffuse; 

L  the  case  of  the  rare  earths  they  are  almost  as  narrow  as  spec- 

al  lines,  so  that  the  solutions  appear  almost  colorless,  no  large 

mount  of  any  one  color  being  absorbed;  the  vapors  of  iodine, 

:iitrogen  peroxide  and  some  other  substances  havefiuted  absorption 

hands,  grouped   somewhat  like  the    lines  in  the  nitrogen  bands. 

Many  substances  are  very  transparent  within  wide  limits,  beyond 

which  they  are  completely  opaque ;    for  example  glass  is  opaque 

s  siiorter  than  3,500  Angslrom  units,  and  longer  than  about 

30,000  Angstrom  units.     Quartz  is  transparent  between  the  wave 

lengths  1,800  and  70,000.  and  for  some  longer  waves  rock  salt  is 

transparent  between    1,800  and  180,000,  and  fluorite,  one  of  the 

most    transparent    substances,   will    transmit   the    shortest   known 

[tra-violel  waves  (X^=  1,000)  and  up  to  X  =  95.ooo. 

.  Kirchtaoff's  Law.     If  ihe  fraction  a  of  the  radiation  of  a 
ten  wave  length  incident  on  a  body  is  absorbed,  a  is  said  to  be 

■  coefficient  of  absorption  of  that  color.  The  emissivily  of  a 
dialing  body  is  the  amount  of  energy  radiant  per  second  from 

:  of  surface.     KirchhofF  showed  by  the  theory  of  ex- 
fS^s   (§308)    that  the  emissive   and  absorptive  powers  of  all 

;s  at  the  same  temperature  for  a  given  color  are  proportional 

1  the  radiation  is  a  pure  temperature  effort. 
£03.  Origjn   of   the   Fraunhofer    Linea     Fraunhofer   himself 
ticed  that  two  bright  yellow  lines  in  the  spectrum  of  a  candle 
me  coincide  with  the  D  lines  of  the  solar  spectrum.     For  many 

s  the  origin  of  the  Fraunhofer  lines  was  disputed.     It  had  been 
iind  that   various   colored   vapors,    such    as   nitrogen    peroxide, 

c  dark  absorption  bands  in  the  spectrum  somewhat  similar  to 
t  solar  lines,  and  it  was  generally  believed  that  these  also  must 
1  due  to  absorption ;  but  whether  this  absorption  took  place  in 
I  aun'a  or  the  earth's  atmosphere  was  unsettled.  Finally  Brews- 
'  (i860)  gave  good  reasons  for  believing  that  some  of  these 
s  are  due  to  absorption  in  the  sun's  atmosphere,  and  others  to 

■  earth's  atmosphere.  About  the  same  time  Kirchhoff,  noting 
•t  there  were  coincidences  between  many  of  the  Fraunhofer 
MS  and  emission  lines,  explained  them  as  the  result  of  absorption 
f  vapors  in  the  sun's  atmosphere  of  waves  which  these  vapors 
nit  themselves.    Before  this,  in  1849,  Foucault  had  performed  an 

leriment  that  had  been  overlooked,  but  which  showed  conclu- 


440  UGHT. 

avtly  to  what  tbe  lines  are  due.  He  noted  that  the  yellow  linei 
in  the  arc  spectrum  coincided  with  the  D  lines;  that  when  tbe 
sun's  light  passed  through  tbe  arc  the  D  lines  became  darker;  and, 
finally  that  the  D  lines  could  be  reproduced  by  allowing  the  Ugiit 
from  the  white  hot  positive  carbon  to  pass  through  the  yellow 
flame.  Foucault  did  not  know  the  origin  of  the  lines,  but  con- 
cluded that  the  medium  which  emitted  and  absorbed  the  D  lines  in 
the  arc  spectrum  must  exist  in  the  sun.  About  the  same  time 
Stokes  independently  su^ested  that  the  coincidence  of  the  yellow 
sodium  lines  with  the  D  lines  indicated  that  the  sodium  atoms 
must  absorb  waves  of  the  same  frequency  as  those  emitted  by  it, 
the  effect  being  similar  to  resonance  phenomena  in  sound.  This 
"  reversal  "  of  the  sodium  lines  is  easily  secured  by  igniting  a  small 
piece  of  metallic  sodium  in  a  metal  spoon  before  a  slit  illuminated 
with  the  electric  arc,  the  light  then  passing  through  a  prism  and  a 
lens  which  focuses  it  on  a  screen.  If  a  large  quantity  of  sodium 
vapor  is  present  in  an  arc  the  phenomenon  of  "self-reversal"  is 
shown  in  the  spectrum.  The  bright  lines  are  very  broad  and  in- 
tense, with  a  narrow  dark  line  in  the  middle  of  each,  due  to 
absorption  by  the  cooler  sodium  vapor  in  the  outer  portion  of  the 
arc. 

604.  LtuniaeBcence.  In  all  cases  where  radiation  is  purely  i 
temperature  effect  Kirchhoffs  law  appears  to  hold.  In  many 
cases,  such  as  those  of  fluorescence  and  phosphorescence  (§5i7' 
518),  in  which  the  absorption  of  waves  of  certain  lengths  causes 
the  emission  of  waves  of  a  different  length,  this  is  not  true;  nor 
is  it  generally  true  of  luminous  gases  and  vapors,  where  the  lumi- 
nosily  appears  to  be  due  to  electrical  or  chemical  causes.  In  no 
known  case  do  gases  or  vapors  have  absorption  lines  correspond- 
ing to  all  the  emission  lines.  The  name  "  luminescence  "  has  been 
applied  to  the  various  kinds  of  radiation  not  directly  due  to  high 
temperature  and  not  conforming  to  KirchhofTs  law. 

605.  Solu  Spectnm.  In  t88S  SowtaDd  published  an  enlu^ed  serie*  of 
photographs  of  the  solar  speclrum  takm  with  a  concave  srating.  the  cntin 
»p«tnim  being  about  thirteen  melers  in  length.  The  wave  leneths  of  mmj 
thousands  of  the  Fraunhofer  lines  v ere  determined  bj  bim.  A  large  miisbct 
were  found  to  coincide  with  the  emission  lines  of  known  e 
il  leemi  certain  that  about  forty  of  these  elements  e 
chromosphere,  or  gaseous  solar  atmo^here. 
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earth,  on  account  of  the  bright  Telloir  line  doe  li 
e  qiectnim  of  the  promiaenccs.    The  ultra-violet  region  of  the  lolar  ■ 
9  not  extend  bej-ond  a  ware  length  of  about  j.o- 
Without   doubt    thorter   wares    arc    emitted,   bat   they    are   absorbed 
e  earth's  atmosphere,  which  is  opaqtK  to  alt  Ter?  short  i 
qihere  aUo  exercises  general  and  selective  absorption  in  the  visible 
0:tygen  and  water  v^ior  give  rise  to  the  terrestrial  lines  and  band* 
n  u  the  Frattnhofer  lines  A,  a  and  fi,  and  there  is  more  or  less  genei^ 

D  dne  to  these  and  other  constituents  of  the  earth's  atmosphere^ 

!  infra-red    region    of   the    solar    spcctrnm    has    been    investigaled    by 

f  with  the  bolometeT,  and  found  to  extend  beyond  a  wave  length  of 

-om  units.     Broad  absorption   bands  are  found,  some  of  which 

icidc  with  those  due  to  water  vapor  and  carbon  dioxide,  besides  maaj 

'   lines   and   bands   of   unknown   origin.     A   large  proportion   of  the 

r  radiation,  paiticolarlj  in   the  neighborhood   of  the  shorter  waves,   U 

d  by  the  earth's  atmosphere,  and  this  most  greatly  influence  climatic 
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^S06.  Spectra  of  FlUietB,  Stare,  Comets  and  Nebule.  The  planets  and 
c  spectra  similar  lo  thai  of  the  sun,  as  might  be  expected,  but 
iiied  by  general  and  selective  absorption  la  the  cases  of  the  planets 
have  an  atmosphere.  Most  stars  have  characteristic  absorption 
spectra  resembling  that  of  the  sun,  which  shows  the  universal  distribution 
of  many  of  the  common  elements.  In  addition  there  are  frequently  lines 
due  to  unknown  elements.  Some  stars  have  bright  as  well  as  dark  lines 
in  their  spectra.  In  such  cases  a  considerable  portion  of  the  radiation 
must  be  due  to  the  outer  gaseous  envelope  or  chromosphere,  and  these  star» 
are  probably  in  a  condition  more  nearly  resembling  nebulx  than  oiu  sun,  in 
^MAich  the  denser  photosphere  emits  a  continuous  spectrum   brighter  than 
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that  of  the  chromosphere,  which  absorbs  more  than  it  emits.  Ndmlae  gite 
bright  line  spectra,  some  of  the  lines  being  doe  to  h]rdrogen  and  helimn, 
while  others  haTe  not  yet  been  identified.  The  spectrum  of  comets  consists 
mostly  of  the  characteristic  hydrocarbon  bands  similar  to  those  given  lij 
the  green  cone  of  the  Bunsen  flame.  It  seems  evident  in  the  cases  of 
ncbuke  and  comets  that  the  radiation  is  an  example  of  luminescence,  or 
luminosity  due  to  other  causes  than  high  temperature,  because  these  bodies 
appear  to  consist  of  masses  of  highly  attenuated  gases,  and  it  is  incon- 
ceivable that  their  temperature  can  permanently  remain  much  higher  than 
that  of  the  surrounding  space. 

507.  Applicattons  of  Dopplar's  Principle.    If  a  star  is  approaching  or 
receding  from  the  earth  with  the  velocity  v  the  effect  will  be  to  shorten  or 
lengthen  each  wave  reaching  the  earth  by  ah  amount  vT,  if  T  is  the  period 
of  vibration  of  the  wave.     If  F  is  the  velocity  of  light,  X  =  FT.     The 
modified  wave  length  is  X^^  {V  z^v)T,    The  change  in  wave  length  is 
\i  —  X  =  vT  =  {v/y)\.    Each  spectral  line  will  be  displaced  by  an  amount 
expressed  by  the  above  relation,  toward  the  violet  if  the  star  is  approach- 
ing, toward  the  red  if  it  is  receding.     By  measuring  such  displacements  on 
photographs  of  stellar  spectra  the  velocities  of  stars  in  the  line  of  sight 
may  be  determined  with  an  error  of  less  than  one  kilometer  per  second. 
Most  of  the  stars  which  have  been  investigated  have  velocities  with  respect 
to  the  sun  of  between  one  and  one  htmdred  kilometers  per  second.    It  is 
found  that  a  majority  of  the  stars  on  one  side  of  the  heavens  have  a  general 
relative  motion  toward  the  stm,  those  on  the  opposite  side  away  from  the 
sun.     The  inference  is  that  the  solar  system  is  itself  moving  through  the 
universe    in    the    former    direction.     In   many   cases   stellar   lines   become 
double,  separate,  and  come  together  again  in  regular  periods,  while  in  other 
cases  the  lines  remain  single  but  oscillate  slowly  about  a  mean  position. 
In  the  first  case  the  light  evidently  comes  from  a  double  star.    As  the  two 
components   revolve   about   their   common   center   of   gravity   one  will  be 
approaching   while   the   other   is   receding.    This   causes   displacements  in 
opposite  directions  except  when  both  stars  are  moving  at  right  angles  to 
the  line  of  sight,  when  the  lines  coincide.     In  the  second  case  the  same 
condition  must  prevail,  except  that  one  component  is  dark.    At  intervals 
of  about  sixty-nine  hours  the  variable  star  Algol  has  minima  of  brightness, 
probably  due  to  its  eclipse  by  a  dark  companion.    The  oscillations  of  its 
spectral  lines  have  the  same  period  and  lead  to  the  same  conclusion.    The 
orbital  velocity  of  Algol  determined  from  the  maximtun  displacement  of 
the  lines  is  about  forty-two  kilometers  per  second.     The  periods  of  the  sun's 
rotation  and  of  the  rotation  of  Saturn's  rings  has  been  determined  froa 
the  relative  displacements  of  the  Fraunhofer  lines  observed  in  the  spectra 
of  the  approaching  and  receding  limbs.     Sometimes  there  are  dislocations 
of  the  lines  due  to  the  solar  prominences  indicating  that  they  are  outborsts 
of  incandescent  gases  projected  with  enormous  velocities  from  the  toSL 
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COLOR. 

Tbe  greater  part  of  llic  work  of  some  observatories,  notably  tbe  Lick  and 
Potsdam  observatories,  is  based  on  ibc  application  of  Dopplcr's  principle 
Id  !ine-of-sight  worlt  and  the  discovery  o£  "  spectroscopic  binaries."  which 
sometimes  cannot  in  any  other  way  be  shown  lo  be  double.     (See  Plate  I.) 

EFFECTS   DUE  TO  ABSORPTION. 

608.  Color  of  Natural  Objects.  The  colors  seen  in  the  spectra 
produced  by  dispersioti  or  by  interference  are  pure.  This  is  not 
the  case  with  the  colors  of  natural  objects,  which  as  a  rule  are 
due  to  selective  absorption  of  certain  colors  of  the  incident  light, 
the  other  colors  being  diffusely  reflected  in  greater  or  less  pro- 
portion. If  a  colored  object,  such  as  a  red  rose,  is  placed  in 
different  parts  of  a  spectrum  it  will  appear  3  brilliant  red  in  the 
red  and  almost  black  in  other  parts.  This  shows  that  the  greater 
part  of  alt  colors  except  red  is  absorbed;  not  all,  however,  for  it 
will  be  noticed  that  in  every  part  of  the  spectrum  there  is  some 
reflection  of  the  incident  color.  Since  the  resultant  of  the  com- 
bination of  all  colors  is  white,  it  may  thus  be  proved  that  from  all 
colored  objects  some  white  light  is  reflected,  in  addition  to  the 
characteristic  color. 

509.  Body  OoloT.  In  most  cases  it  is  observed  that  bodies  having 
a  certain  color  by  reflected  light  have  the  same  color  by  trans- 
mitted light  This  suggests  that  the  color  diffusely  reflected  is 
due  to  components  of  the  incident  white  light  which  have  pene- 
trated more  or  less  into  the  medium  before  being  scattered,  the 
other  colors  being  lost  by  absorption.  The  white  light  reflected 
is  probably  due  both  to  reflection  at  the  surface  and  to  the  re- 
combination of  the  various  colors  which  escape  complete  absorp- 
tion. As  a  crude  illustration  of  body  color,  if  light  falls  on 
a  piece  of  red  glass  a  white  image  of  the  source  will  be  reflected 
from  the  front  surface  and  a  red  image  from  the  rear  surface. 

Colors  arc  said  to  be  more  or  less  "  saturated  "  according  to  the 
proportion  of  white  tight  with  which  they  are  diluted.  The  pure 
spectral  colors  are  said  to  be  completely  saturated.  The  propor- 
tion of  white  tight  scattered  is  increased  by  any  process  which 
increases  the  reflecting  surface.  For  example  crystals  of  copper 
sulphate  will  appear  lighter  and  lighter  as  they  are  crushed  into 
^Bailer  fragments,  and  become  almost  white  when  reduc«:d  to  &  ■ 
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fine  powder.  The  white  light  reflected  from  the  i 
faces  then  completely  masks  the  small  portion  which  is  selectively 
transmitted.  Similarly,  transparent  substances  such  as  glass  are 
white  when  in  powdered  form. 

610.  DlchromatlEm.  Some  substances  when  examined  by  tight 
transmitted  through  thick  layers  appear  to  be  of  a  different  color 
from  that  observed  by  reflection  or  by  transmission  through  a 
thin  layer.  A  thin  layer  of  chlorophyll  is  green  by  transmitted 
light  while  a  thick  layer  is  red.  This  is  explained  by  the  fact 
that  the  coefficient  of  absorption,  or  the  fraction  of  the  incident 
light  absorbed  by  a  layer  of  unit  thickness,  is  different  for  the  two 
colors.  While  the  incident  green  light  is  more  intense  than  the 
red,  and  remains  so  after  transmission  through  a  thin  layer,  it 
is  more  rapidly  cut  down  by  absorption,  so  that  after  passing 
through  a  thick  layer  the  red  predominates.  This  effect  is  called 
dichromatism. 

611.  Surface  Color.  Some  substances  appear  of  different  colorB 
by  reflected  and  by  transmitted  light.  Such  is  the  case  with  thin 
films  of  metal  and  of  the  solid  aniline  colors.  Gold  is  always 
yellow  by  reflected  light,  but  a  sheet  of  gold  leaf  thin  enough  1i 
permit  transmission  appears  green  by  the  transmitted  light.  Thi 
light  reflected  from  these  substances  is  complementary  to  that 
transmitted.  In  such  cases  selective  action  seems  to  take  place 
at  the  surface,  some  colors  being  directly  reflected,  others  being 
absorbed  by  a  thick  layer,  or  transmitted  through  a  thin  film. 
Bodies  exhibiting  surface  color  retain  that  color  when  finely 
powdered. 

512.  Colors  of  Sky  and  Clouds.  Since  light  can  reach  the  eye 
only  directly  from  the  source  or  by  reflection  from  material  ob- 
jects, it  is  evident  that,  since  the  sky  is  not  perfectly  black,  it  niiist 
contain  matter  in  suspension.  Some  have  supposed  that  air  itself 
may  have  a  characteristic  color,  as  is  shown  by  great  thickncssci 
of  glass  or  of  water,  but  the  experiments  of  Tyndall  and  others 
indicate  that  the  blue  color  of  the  sky  is  due  to  selective  scattering 
by  small  suspended  particles  of  dust,  water,  etc.  It  is  to  be  ex- 
pected that  such  small  particles  should  reflect  a  larger  propor- 
tion of  short  waves  than  of  long  ones.  The  term  scattering  is 
used,  because  it  seems  evident  that  this  is  not  a  case  of  ordinary 
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reflection  like  that  from  a  mirror  of  finite  size.  There  is  an 
analogy  in  the  case  of  sound  waves;  long  waves  pass  around  ob- 
stacles without  deviation  of  their  genera!  direction,  while  shorter 
waves  may  be  reflected.  Since  the  shorter  waves  of  light  are 
scattered,  the  transmitted  light  will  consist  mostly  of  the  longer 
waves.  This  accounts  for  the  brilliant  reds,  oranges,  and  greens 
often  observed  in  the  western  sky  at  sunset.  The  light  trans- 
mitted almost  tangentially  through  the  atmosphere  has  been  de- 
prived of  the  shorter  waves,  which  cause  a  blue  sky  for  those  more 
immediately  under  the  sun.  These  effects  are  intensified  by  the 
presence  of  a  larger  number  of  dust  particles  met  in  the  lower 
levels  of  the  atmosphere.  After  the  great  eruption  of  the  volcano 
Krakaloa  in  1883  fine  volcanic  dust  pervaded  the  atmosphere  of 
the  whole  earth  and  the  sunsets  were  especially  brilliant.  For  the 
same  reason  lights  look  red  when  seen  through  smoke  or  fog,  or 
through  water  made  slightly  turbid  by  the  addition  of  a  small 
quantity  of  milk  or  shellac  solution.  This  effect  is  beautifully 
illustrated  by  passing  a  beam  of  light  through  a  jet  of  steam  issu- 
ing from  a  small  nozzle  into  a  stream  of  air  previously  dried  by 
forcing  it  through  sulphuric  acid.  The  size  of  the  water  drops 
is  controlled  by  changing  the  vapor  pressure  in  the  atmosphere  in 
which  the  drops  are  formed,  lower  vapor  pressure  promoting 
evaporation  and  thus  reducing  the  size  of  the  drops.  The  colors 
seen  by  transmitted  and  by  scattered  light  are  complementary,  the 
shorter  waves  being  scattered  and  the  longer  ones  transmitted. 

B13.  Color  Seusatlotl.  The  perception  of  a  given  color  by  the  eye  does 
not  necessarily  prove  that  the  stimulus  is  of  (he  corresponding  wave  length. 
It  may  be  ihe  resultant  effect  of  several  different-colors.  For  example,  if 
the  light  from  the  led  of  a  spectrum  and  from  a  rrgion  inlermediate  between 
ihe  blue  and  the  green  be  superimposed  the  resultant  sensation  is  white, 
which  the  eye  cannot  distinguish  from  tlie  while  due  to  a  mixture  ot  atl 
the  colors.  A  similar  effect  is  produced  by  the  combinalion  of  violet  and 
yellow-green.  Two  colors  which  (ogether  give  the  senialion  of  while  are 
said  to  be  complementary.  It  is  found,  further,  that  spectral  red  and  green 
combined  excite  a  sensation  of  yellow,  while  green  and  violet  produce  blue. 
All  possible  colors  may  be  produced  by  combining  red,  green  and  violet. 
According  to  the  theory  of  Thomas  Young,  adopted  and  extended  by  Helm- 
bolu  and  by  Maxwell,  these  are  to  be  regarded  as  Ibe  three  primary  color 
_llfT— ■"«""«   <  The  cones  in   the  retina  are   supposed   to   respond  or  "  reso- 


ily   10   tbe   correspondinK   frequencies   of   vibtatton,  and  ill  nbt 

I  depend  on  the  proportions  of  the  incident  energy  bdoogiae  to 

these  frequencies,      As  a  rough  mechanical  iiluslralion,  not  to  be  lejitdtJ 

M  literally  correspond  I  eg  to  the  facts,  it  may  be  imagiDed  thai  each  a 

has  a  structure  similar  to  that  of  a  complex  pendulum  made  up  of  thm 

spheres  of  different  masses  connected  by  q>iings,  u  ihon 

QO  in  Fig,  318.     y  vibrates  alone  more  rapidly  than  G.  and  C 

JL  more  rapidly  than  R.     Simultaneous  impulses  impanrd  id 

Wj  all  may   result  in   a   vibraKon   frequency  of   Ibe  cone  U 

J*^  whole  which  will  arouse  the  sensation  of  a  given  color 

{   R  1  (he  speclnim,  the  panicular  color  depeodins  on  the  diviiios 

^^  of  cnerKY  between  Ihe  spheres.     This  analogy  gives 

„  -  suggestion   of    the    cause   of    subjective    color  and  color 

fatigue.     We   may   suppose   that   in   looking   steadily  at  * 

violet   object   K  vibrates   so   vigorously  as  to   become   fatigued,  as  is  (ke 

case  with  a  tuning  fork.     If  now  the  eye  be  directed  to  a  while  backsmood. 

C  «ad  R  will  be  set  into  vigorous  vibration,  but  f  will  nol,  on  account  of 

having  temporarily  lost  its  elasticity.     Hence  on  the  white  background  we 

shall  see  projected  an  image  of  the  original  object   of  the  complemeotaiy 
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614.  Pigment  Colorii.     The  effect 


a  permanent  loss  of  power 
blue,  may  be  always  Isckint 


of  mining  pigments  is  quite  diffcren! 
from  that  of  mixing  spectral  colore.  For  example,  blue  paint  ahsorts 
nearly  all  the  incident  light  except  the  blue  and  some  green ;  yellow 
absorbs  nearly  all  except  yellow  and  sotue  green.  It,  therefore,  white  ligiil 
is  incident  on  a  mixture  of  the  two  pigments  green  is  Ihe  only  color 
which  escapes  nbsorplion  by  one  or  the  other,  therefore  a  miitor* 
of  blue  and  yellow  paints  produces  a  green  paint.  In  such  cases  the  applT' 
ent  color  may  vary  with  tbe  kind  of  illumination.  Blue  pigments  tu 
appear  green  by  candle  light,  because  there  is  a  very  small  proportion  of 
blue  in  the  incident  light,  and  so  green  predominates  in  the  scattered  ligtl, 

BIS.  Tyndall  pointed  out  a  transformation  which  he  called  caloresceni 
which  longer  waves  are  changed  lo  shorter.  Solar  or  arc  radiation  is  passed 
through  a  cell  filled  with  iodine  dissolved  in  carbon  bisulphide,  which  is 
opaque  (o  visible  radiation  but  not  to  the  longer  waves.  If  the  transmitltd 
radiation  is  focused  by  a  lens  it  will  raise  a  pietc  of  metal  to  red  heit. 
thus  giving  rise  to  visible  radiation.  In  all  cases  where  radiation  is  depen- 
dent on  temperature  alone  Kirchhoffs  law  applies,  and  there  is  a  de 
ratio  between  the  emission  and  alisorplion  of  a  body.  The  above  ca 
no  exception ;  although  the  incandescence  is  produced  by  long  invisible 
waves,  the  healed  body  can  never  be  brought  lo  the  temperature  of  the 
and  the  general  shape  of  tbe  intensity  curve  is  like 


of  the  source.     The  tuminoua  energy  forms  such  a  imall  i>art  of  the 
kole  lha[  its  absorption  by  the  iodine  scarcely  influences  (he  result. 

.  Cbemical  and  Molecular  Effects.  Light  majr  cause  chemical 
(nbination,  as  when  it  acts  on  a  mixture  of  hydrogen  and  chlo- 
r  dissociation,  as  when  it  acts  on  the  silver  salts  in  a  photo- 
c  plale.  By  its  action  on  the  chlorophyll  of  plants  light 
Ecomposes  the  carbon  dioxide  absorbed  from  the  atmosphere, 
releasing  the  oxygen  and  causing  the  carbon  to  be  assimilated.  It 
may  cause  molecular  changes,  as  when  it  changes  amorphous  to 
crystalline  selenium,  or  changes  the  electric  resistance  of  the  latter 
form.  It  also  changes  white  phosphorus  to  red.  These  changes 
are  not  due  to  the  heating  effect  of  the  absorbed  radiation,  be- 
cause an  equivalent  rise  of  temperature  will  not  cause  them,  but 
they  seem  ralhcr  to  depend  on  the  vibratory  character  of  the  light 
waves.  The  molecules  or  atoms  of  the  affected  substances  appear 
to  resonate  to  certain  wave  frequencies,  and  the  observed  changes 
result  from  the  inter-molecular  agitation.  As  a  rule  the  shorter 
waves  are  the  most  effective  in  producing  such  results.  From 
this  fact  and  from  that  of  ihe  greatest  heating  effect  being  due  to 
the  long  waves  arose  the  old  arbitrary  distinction  between  visible, 
aclinic,  and  heat  radiation. 

Another  effect  due  to  light,  especially  to  the  ultra-violet  waves, 
is  that  it  will  cause  the  discharge  of  electricity  from  certain 
metals  when  they  are  polished,  insulated,  and  charged  vrith  nega- 
tive electricity.  In  this  case  electrons,  or  small  negatively  charged 
corpuscles,  appear  to  be  shaken  out  of  the  metal  by  the  rapid  light 
Hi' Tib  rat  ions. 

^  fil7.  Fluorescence.  There  are  substances  which  when  stimulated 
Htfey  the  absorption  of  waves  of  certain  lengths  will  emit  waves  nf 
^■'different  lengths.  For  example,  a  piece  of  paper  moistened  with 
^■ftulphate  of  quinine  solution  and  held  in  the  ultra-violet  portion  of 
^Kthe  solar  spectrum  will  emit  a  hrilliant  opalescent  blue  light. 
^C-This  effect  was  discovered  by  John  Merschel  in  1845,  and  also 
^ft^studied  by  Brewster  in  1846.  To  this  phenomenon  Stokes  gave 
'  the  name  of  fluorescence,  because  it  was  observed  in  fluorspar, 
explained  it  as  the  result  of  the  absorption  of  incident  v 
which  by  a  modified  resonance  action  caused  a  reemission  of  longer 
^^waves.    Similar  effects  are  observed  in  coal  oil,  fluorescein,  eosin. 
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uranin,  and  other  organic  compounds;  in  uranium  glass,  which 
emits  a  yellowish  green  light;  in  esculin,  which  emits  blue  light, 
and  in  chlorophyll,  which  emits  red  light;  and  also  in  a  much 
smaller  degree  in  iodine,  wood,  paper,  and  many  other  substances. 

518.  Phosphorescence.  There  is  a  large  class  of  substances,  of 
which  the  sulphides  of  calcium,  strontium,  and  barium  are  familiar 
examples,  which  after  exposure  to  light  show  effects  which  are 
similar  to  fluorescence,  but  which  continue  visible  long  after  the 
exciting  radiation  ceases  to  act.  This  is  called  phosphorescence, 
a  name  derived  from  the  similar  appearance  of  phosphorus  while 
slowly  oxidizing.  The  only  definite  distinction  between  fluores- 
cence and  phosphorescence  is  that  the  latter  persists  for  a  longer 
time.  As  found  by  Dewar,  many  substances  which  phosphoresce 
very  feebly  at  ordinary  temperatures  may  be  made  to  glow  bril- 
liantly at  the  temperature  of  liquid  air.  As  examples,  gelatin, 
horn,  tgg  shells,  and  paper  may  be  mentioned. 

Similar  effects  can  be  excited  in  many  substances  by  other 
causes  than  by  light — ^by  chemical  action,  as  in  the  case  of  phos- 
phorus exposed  to  oxygen;  by  electrical  action,  as  in  Crookcs' 
tubes;  by  mechanical  action,  as  seen  in  sugar  broken  in  the  dark; 
by  elevation  of  temperature,  as  in  the  case  of  the  diamond;  and 
by  Rontgen  or  Becquerel  rays. 

Some  metallic  vapors,  such  as  those  of  the  sodium  and  calcium 
group,  fluoresce  brilliantly  under  the  action  of  light  or  cathode 
rays.  The  light  shows  the  characteristic  spectral  lines  and  bands 
of  the  metal.  Certain  organic  vapors,  such  as  anthracene,  fluoresce 
when  light  falls  on  them.  Nitrogen,  oxygen,  and  some  other  gases 
will  under  certain  conditions  phosphoresce  brightly  for  several 
seconds  after  an  electric  discharge  has  passed  through  them  in  a 
vacuum  tube. 

DOUBLE  REFRACTION  AND  POLARIZATION. 

619.  Double  Refraction.  Some  crystals,  such  as  those  of  rock 
salt  and  fluorite,  resemble  isotropic  solids,  such  as  glass,  in  the 
respect  that  their  physical  properties  are  alike  in  all  directions. 
In  general,  however,  this  is  not  the  case;  such  properties  as  elas- 
ticity and  heat  conduction,  as  well  as  optical  properties,  differ  in 
.  different  directions  in  the  crystal.    In  such  crystals  as  quartz  and 
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cite  there  is  an  axis  of  symmetry,  the  crystallographic  axis, 
and  the  physical  properties  are  the  same  in  all  directions  in  any 
equatorial  plane,  but  different  from  those  in  the  direction  of  the 
axis.  Iceland  spar,  or  calcite,  is  a  rhombohedral  crystal,  each 
face  being  a  parallelogram  with  two  acute  angles  of  78°  5'  and  two 
obtuse  angles  of  101°  53'.  Two  solid  angles  of  the  crystal  are 
formed  by  the  junction  of  the  obtuse  angles  of  three  faces.  A  hne 
symmetrically  situated  with  respect  to  these  solid  angles  is  a  crys- 
tallographic axis.  In  1669  Bartholinus,  discovered  that  an  object 
seen  through  Iceland  spar  appears  double,  unless  viewed  in  the 
direction  of  the  axis.  No  such  effect  is  observed  in  the  case  of 
isometric  crystals.  This  phenomenon  is  called  double  refraction. 
When  the  waves  travel  in  the  crystal  in  the  direction  of  the  crystal- 
lographic axis  there  is  no  double  refraction;  hence  any  line  in 
the  crystal  parallel  to  the  axis  is  called  an  optic  axis. 

These  experiments  were  repealed  and  extended  by  Huyghens  in 
1690,  and  partly  explained  by  him  on  the  basis  of  the  wave  theory. 
If  a  ray  r  of  ordinary  light  is  incident  normally  on  any  face  of  a 
doubly- refracting  crystal  (Fig.  319)  one  ray  0  is  transmitted  v 


out  deviation;  and  if  the  incidence  is  obhque  this  ray  is  deviated, 
with  an  index  of  refraction  which  is  independent  of  the  angle  of 
incidence.  The  other  ray  f  is  deviated  in  all  cases,  unless  it  travels 
along  an  optic  axis,  and  the  index  of  refraction  varies  with  the 
angle  of  incidence.     The  first  is  called  the  ordinary,  the  second 

E  extraordinary  ray.  If  the  crystal  be  rotated,  keeping  the  angle 
incidence  constant,  the  ordinary  image  will  remain  at  rest, 
tie  the  extraordinary  image  rotates  about  it  in  such  a  way 
t  the  line  joining  the  two  lines  lies  in  a  "  ptmc'ipaV  5ttt\(n\"  a 


plane  mclnding  the  nonnal  to  the  surface  and  an  optic  a.m  ! 
the  ordinary  and  extraor^iary  rays  o  and  e  pass  tbroagti  a 
crvstal  each  ray  generally  divides  in  two,  the  rays  o</  and  (w*  u 
the  rays  to'  and  ti'  (Fig.  320),  the  line  joining  each  pair  lyiogial 
a  principal  section  of  the  second  crystal.  This  gives  rise  to  foot 
images  of  the  source,  which  are  of  equal  intensitj-  when  the  prin 
cipal  sections  of  the  two  crystals  are  at  an  angle  of  45°  with  escli 
other.  If  this  angle  be  changed  one  pair  of  images  will  incrwK 
in  intensity  and  the  other  diniinish.  When  the  principal  secdoni 
arc  parallel  only  the  rays  00'  and  ee'  emerge ;  when  they  are  »i 
right  angles  only  the  rays  at'  and  eo'.  From  such  experimeois 
Huyghens  recognized  the  fact  that  light  which  has  passed  througi 
Iceland  spar,  quartz,  and  other  doubly- refracting  crystals  does  not 
possess  properties  which  are  alike  in  all  azimuths  around  the  direc- 
tion of  propagation.  Newton,  in  order  to  explain  this,  supposed 
the  light  corpuscles  to  be  endowed  with  polarity  of  some  sort— 
hence  the  name  polarized  light. 

520.  The  Wave  SurfaceB.  From  the  experiments  described  abore 
it  may  be  seen  that  a  wave  of  ordinary  light  on  entering  a  doubly- 
refracting  crystal  is  divided  into  two  waves,  one  of  which,  0,  his 
the  same  velocity  in  all  directions  in  the  crystal.  The  other  wave 
e  has  a  velocity  which  varies  in  different  directions,  and  is  (he 
same  as  that  of  the  ordinary  wave  only  when  both  travel  in  the 
direction  of  the  optic  axis. 
Huyghens  showed  that  lh«c 
facts  are  consistent  with  ihe 
existence  of  a  double  wavt 
surface  in  the  crystal,  » 
sphere  and  an  ellipsoid  of 
revolution,  which  are  tangnil 
to  each  other  at  two  poitils 
In  one  class  of  crystals,  like  Ice- 
land spar,  the  sphere  is  inside  the  ellipsoid,  and  the  ordinary  wave 
is  the  more  refracted  (Fig.  320).  In  another  class,  represented 
by  sulphate  of  potassium  or  quartz,  the  sphere  encloses  the  ellipsoid, 
and  the  ordinary  ray  is  less  refracted  (Fig.  321).  The  first  are 
called  negative  and  the  second  positive  crystals.  Wollaston,  Stokes, 
Glazehrook,  and  others  have  proved  the  correctness  of  this  con- 
.Struction  by  experiment.    In  the  case  of  quartz  the  two  wave  sur- 


wherc  ihcy  intersect  an  optic 
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s  do  not  touch  where  they  intersect  the  optic  axis,  and  there  is 
mble  refraction  of  another  kind   in  the  direction  of  the  axis 


In  crystals  in  which  the  phyucal  properties  are  different  along 
E  axes  at  right  angles  to  each  other,  such  as  sugar  and  topaz, 
bich  likewise  show  double  refraction,  there  are  two  axes  of  no 
mble  refraction;  hence  such  crystals  are  said  to  he  bi-axial,  as 
Biirasted  with  the  class  described  above,  which  are  said  to  be 
As  shown  by  Fresnel,  both  rays  in  biaxial  crystals  are 
traordinary,  that  is  to  say,  do  not  conform  to  the  ordinary  laws 
'e  fraction. 
.  Double  B«fraction  by  Toonnaline.  Tourmaline  is  a  semi- 
ansparent  hexagonal  crj'stal.  if  light  falls  on  a  crystal  part  is 
-ansmitted.  If  this  falls  on  a  second  plate  with  its  axis  parallel 
to  that  of  the  first  (Fig.  322),  some  of  the  light  gets  through;  but 


I 
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if  the  second  crystal  is  rotated  about  the  line  joining  the  two, 
less  light  gets  through,  and  when  its  axis  is  at  right  angles  to  that 
»f  the  first  none  is  transmitted.  Evidently  the  waves  have  had 
■  mode  of  vibration  so  changed  by  passage  through  the  first 
late  that  they  cannot  pass  through  the  second  unless  the  prin- 
cipal sections  of  the  two  are  parallel.  If  the  light  first  passes 
through  Iceland  spar  it  is  found  that  the  extraordinary  ray  alone 
will  pass  through  tourmaline  if  the  principal  sections  of  the  two 
crystals  are  parallel,  the  ordinary  ray  alone  if  they  are  at  right 
angles.  It  follows  that  light  is  doubly  refracted  hy  tourmaline, 
but  that  the  ordinary  ray  is  totally  absorbed.  As  a  remarkable 
example  of  KirchhofFs  law,  it  may  be  mentioned  that  if  tourmaline 
is  raised  to  a  high  temperature  it  emits  polarized  radiation.  If 
this  falls  on  a  second  crystal  parallel  to  the  first  it  is  absorbed. 

I  showing  that  it  corresponds  to  the  ordinary  ray.     The  mode  of 
vibration  which  is  absorbed  corresponds  to  that  which  is  emitted. 
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Fig.  323. 


522.  Polarisafcion  Iff  SaflectioiL  About  1808  Malus  discoyertd 
that  light  reflected  from  glass  at  a  definite  angle  acquires  prop- 
erties similar  to  that  of  light 
transmitted  through  tourmaline 
or  Iceland  spar.  When  light  is 
polarized  by  reflection  from  a 
mirror  A  (Fig.  323a)  a  large 
fraction  is  reflected  from  an- 
other mirror  B  if  the  two  planes 
of  incidence  coincide.  If  the 
planes  of  incidence  are  at  right 
angles  (Fig.  3236)  very  little 
is  reflected.  If  the  light  re- 
flected from  a  glass  plate  is  examined  through  a  crystal  of  Ice- 
land spar  the  ordinary  ray  alone  is  transmitted  when  the  plane 
of  reflection  coincides  with  a  principal  section,  the  extraordi- 
nary ray  alone  when  the  two  are  at  right  angles.  In  intermedi- 
ate positions  portions  of  both  rays  are  transmitted.  Similarly 
light  reflected  from  glass  is  not  transmitted  through  tourmaline  if 
the  plane  of  reflection  is  parallel  to  the  optical  axis  of  the  crystal 

523.  Direction  of  Vibration.  Fresnel  explained  these  phenomena 
as  a  result  of  transverse  vibrations.  In  ordinary  white  light  suc- 
cessive waves  reaching  a  given  point  of  space  vibrate  in  dif- 
ferent planes  at  random,  so  that,  although  each  individual  wave 
is  vibrating  transversely  in  a  definite  plane,  and  is,  therefore, 
polarized,  this  direction  changes  so  rapidly  that  the  eye  cannot 
take  account  of  it  and  no  polarization  effects  are  observed.  I" 
passing  through  a  doubly-refracting  crystal  vibrations  in  one  direc- 
tion travel  with  a  different  velocity  from  those  vibrating  in  another, 
on  account  of  the  difference  of  the  physical  properties  of  the 
crystal  in  these  directions,  hence  double  refraction  results.  The 
displacement  in  each  wave  is  in  general  resolved  into  two  com- 
ponents, unless  the  light  is  travelling  parallel  to  the  axis.  In  that 
case  it  is  unmodified,  as  velocity  of  propagation  is  independent  of 
the  azimuth.  In  the  ordinary  ray,  which  travels  in  all  directions 
with  the  same  velocity,  the  vibrations  must  be  at  right  angles  to 
the  optic  axis.  So  long  as  this  is  the  case  the  displacements  will 
take  place  under  the  same  conditions  in  every  azimuth  and  the 
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ocity  be  unchanged.     In  the  extraordinary  ray  the  vibrations 
must  be  in  a  principal  section.    This  accounts  for  the  fact  that  the 
ordinary  and  the  extraordinary  image  are  always  in  a  line  parallel 
to  a  principal  section.    When  light  strikes  a  reflecting  surface  there 
is  a  partial  resolution  into  components  re- 
spectively in  and  at  right  angles  to  the  plane 
of    incidence.     The    vibrations   parallel    to 
the  surface  are  most  freely  reflected,  while 
the  others  strike  down  into  the  surface  and 
are    transmitted    or    absorbed    (Fig.    324). 
If  polarized  light  is  incident  at  the  angle 

of  maximum  polarization  on  a  piece  of  glass  a  large  proportion 
will  be  reflected  when  its  vibrations  are  parallel  to  the  surface; 
if  the  vibrations  arc  in  the  plane  of  incidence  it  will  be  refracted. 

524.  Plane  of  Polarization.  Before  the  directions  of  vibration 
in  polarized  light  were  known  it  became  customary  to  speak  of 
the  "plane  of  polarization"  of  a  polarized  beam,  rather  than  of 
the  direction  of  vibration,  and  this  plane  was  so  defined  that  it 
coincides  with  the  plane  of  incidence  when  the  light  is  polarized 
by  reflection.  It  follows  that  the  vibrations  in  a  polarised  beam 
are  at  right  angles  lo  the  plane  of  polarization. 

525.  Brewster's  Law.  The  light  reflected  from  a  surface  is  not 
in  general  completely  polarized,  that  is,  all  its  vibrations  are  not 
strictly  in  one  plane.  It  is  found,  however,  that  for  each  reflect- 
ing substance  there  is  a  certain  angle  of  incidence  for  which  the 
polarization  is  a  maximum.  This  is  called  the  polarizing  angle. 
It  was  found  by  Fresnel  that  complete  polarization  is  given  only 
by  substances  having  an  index  of  refraction  equal  to  about  1.46. 
Brewster  found  that  the  polarizing  angle  is  such  that  the  reflected 
and  the  refracted  rays  are  at  right  angles  to  each  other.  Since 
»^  (sini)/(sinr)    and  since,  when  i:=f>.   the  polarizing  angle 

^F  «  =  (sin  p)/(cos  p)  ^  tan  p 

I^om  this  relation  the  polarizing  angle  may  be  determined.  This 
is  known  as  Brewster's  law. 

626.  PQe  of  Plates.    Since  only  a  small  fraction  of  the  incident 
■  Ught  is  reflected  from  a  transparent  substance,  even  when  the  re- 
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wave  AB  incident  on  a  crystal  so  cut  that  the  optic  axis  is  parallel 
to  the  surface  and  to  the  plane  of  incidence  (Fig.  327).    The  two 
disturbances  in  the  crystal  will  travel  to  O  and  E  respectively  while 
the  "wave  travels  from  B  to  C 
in  air.     The  tangent  planes  CO 
and  CE  are  the  two  wave  fronts. 
The  disturbance  at  E  is  due  to 
A,  a  point  not  on  the  normal  to 
the    extraordinary   wave    front 
passing^  through  E.    The  wave 
velocity,  or  the  velocity  of  the 
"wave   front,  is  proportional  to 
the    normal   distance  AN;  the 
ray  velocity,  or  actual  velocity 
of   the  disturbance,  is  propor- 
tional to  AE. 

When  the  axis  is  parallel  to  the  surface,  but  at  right  angles 

to  the  plane  of.  incidence  the 
wave  front  is  found  as  shown 
in  Fig.  328.  In  this  case,  the 
extraordinary  wave  also  has  a 
circular  section.  Only  in  this 
plane  of  incidence  is  the  ratio 
(sin  i)/(sin  r)  constant  for  the 
extraordinary  ray,  and  this 
ratio  is  called  n^,  the  extraorrji- 
nary  index  of  refraction.  The 
value  of  the  ratio  V/Ve  differs 
with  the  direction  in  every  other  plane  of  incidence,  and  hence 
cannot  properly  be  called  the  index  of  refraction. 
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if  Polaming  Piianu.    The  two  polarized  rays  produced  by  a 

i-refracling  eo'stal  are  not  sufficiently  separated  to  be  con- 

(tly  used  when  a  single  beam 

(red.     The   separation   may  be 

bed  by  using  an  ordinary  trihe- 

irism,  but  this  introduces  disper- 

io  that  other  devices  must   be 

ired.     The  most  common  is  the  '  ■^ 

fohedral      prism     invented     by  P*[^ 

[of  Edinburgh,  in  1S28.     In  the 

pal  section  of  a  crystal  of  calciie 

I  332)    the  angles   at  B  and  D 

t'.    The  two  end  faces  .4B  and 

re  cut  down  to  A'B  and  CD, 

at  these  angles  are  reduced  to 

The  crystal  is  then  sliced  along 

pi  a  plane  perpendicular  to  the 

.and    to    the    principal    section. 

(wo   surfaces   are   polished   and 

ited  together  with  Canada  bal- 

(rhich  has  an  index  of  refraction 

tan  that  of  the  calciie   for  the 

Jry  and  greater  for  the  exira- 

Wy  ray.     If  a  ray  of  light  r  is 

at  in  a  direction  parallel  10  the 

AD   the   ordinary    ray   will   be 

f    reflected    from    the    Canada 

n,  while  the  greater  portion  of  the  extraordinary  ray  will  be 

goitted.     The  reduction  of  the  angles  at  A  and  D  is  for  the 

Ik  of  securing  the  proper  angle  of  incidence  on  the  balsam 

Iduce  this  effect. 

k  Foueault  prism  resembles  that  of  Nicol,  but  the  total  re- 

m  is  from  an  air  film.     This  allows  the  prism  to  be  made 

|r,  but  there  is  a  greater  loss  of  light  by  reflection  and  a 

pr  field  of  view. 

^  Tho  FolarisGope  is  an  instrument  for  the  study  of  the  optical 

(ties  of  substances  with  respect  to  polarized  light.     It  con- 

li  two  Nicol  prisms  or  piles  of  plates,  one  called  the  polai 
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to  produce  the  polarized  light,  the  other,  the  analyzer,  which  may 
be  set  with  its  principal  section  at  any  desired  angle  with  that  of 
the  polarizer,  to  test  the  incident  light  with  respect  to  the  nature 
and  direction  of  its  polarization.  If  any  doubly-refracting  sub- 
stance is  placed  between  the  two  its  effects  on  the  polarized  light 
transmitted  through  it  may  be  studied  by  the  analyzer. 

631.  Resolution  and  Oomposition  of  Vibrationfl.  If  the  polarizer 
and  analyzer  are  set  with  their  principal  sections  parallel,  light 
which  has  traversed  the  first  will  pass  through  the  second  without 

sensible  loss.  If  their  principal  sections  are  at 
right  angles  to  each  other,  or  "  set  for  extinction," 
no  light  will  be  transmitted  through  the  analyzer. 
If  the  angle  between  the  'principal  sections  is  a 
(Fig.  332),  and  if  a  is  the  amplitude  of  the  light 
transmitted  by  the  first  Nicol,  the  amplitude  of 
that  transmitted  through  the  second  is  a  cos  a 
and  its  intensity  is  proportional  to  a*  cos*  a.  The 
intensity  of  the  totally  reflected  ordinary  ray  is  o*  sin*  a.  The 
sum  of  the  two  intensities  is  a* (cos*  a  +  sin  *  a)  =  a*,  which  is  equal 
to  the  intensity  of  the  light  incident  on  the  analyzer.  This  simple 
law  of  resolution  of  vibrations  into  components  by  double  refrac- 
tion, giving  determinate  control  of  the  intensity  through  a  wide 
range,  is  made  use  of  in  several  forms  of  photometer. 

If  the  two  Nicols  are  replaced  by  two  crystals  of  calcite  with 
their  principal  sections  at  an  angle  of  a  with  each  other,  as  in 
Huyghens*  experiment  (§519),  an  ordinary  ray  0  and  an  extra- 
ordinary ray  e  of  the  same  amplitude  a  are  produced  by  the  reso- 
lution of  the  vibrations  along  two  directions  in  the  first  crystal. 
At  incidence  on  the  second  crystal,  the  ordinary  ray  will  be  re- 
solved into  the  components  00'  and  oe'  of  amplitudes  a  cos  a  and 
a  sin  a  and  the  extraordinary  ray  into  the  components  eo'  and  ee', 
of  amplitudes  a  sin  a  and  a  cos  a.  There  will  be,  therefore,  in 
general  four  rays,  as  found  by  Huyghens,  which  will  be  of  equal 
intensity  when  0  =  45°.  When  the  principal  planes  are  at  right 
angles,  the  incident  ordinary  ray  goes  through  the  second  crystal 
as  an  extraordinary  ray  and  the  extraordinary  as  an  ordinary 
ray,  and  there  are  only  two  images. 
If  the  second  crystal  is  replaced  by  a  Nicol  prism,  only  the 
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eomponcnts  oe'  and  ee'  emerge,  their  vibrations  being  in  the  same 
plane,  that  of  the  principal  section  of  the  analyzer.  If  the  two 
rays  arc  superimposed  on  emergence,  the  intensity  will  depend 
not  only  on  the  amplitudes  of  the  two  components,  but  on  the 
phase  differences  which  have  been  introduced  owing  to  the  dif- 
ference in  velocity  of  the  two  rays  from  which  these  components 
are  derived;  in  other  words,  there  may  be  interference. 

532.  Interference  of  Faxallel  Polarized  Light.  If  parallel  plane 
polarized  white  h'ghl  passes  through  a  crystal  of  uniform  thickness 
(  and  then  through  an  analyser,  uniform  colored  effects  are  pro- 
duced over  the  entire  field,  since  some  colors  arc  reenforced  and 
some  weakened  by  interference.  There  is  no 
real  loss  or  gain  for  any  color,  for  as  shown  p 

in  §  531,  whatever  energy  is  lost  in  the  extra- 
ordinary ray  is  gained  by  the  ordinary,  and 
conversely,  so  that  the  ordinary  light  which 
is  internally  reflected  in  the  prism  is  comple- 
mentary to  that  passing  through.  When  the 
principal  sections  of  the  crystal  and  the 
analyzer  are  cither  parallel  or  at  right  angles  Fic.  334. 

to  each  other  no  modification  of  the  light  is 
produced,  the  ordinary  or  the  extraordinary  ray  alone  gelling 
through,  so  that  there  can  be  no  interference.  In  all  other  posi- 
tions of  the  analyzer  there  are  varying  proportions  of  white  and 
colored  light  transmitted,  the  color  effects  being  most  pronounced 
when  the  principal  sections  are  at  an  angle  of  45°  with  each  other. 

The  original  beam  of  light  falling  on  the  crystal  must  be  plane 
polarixcd.  If  ordinary  light  is  used  the  succession  of  waves  vi- 
brating in  different  planes  when  resolved  in  the  crystal  will  give 
rise  to  all  possible  distributions  of  amplitudes,  so  that  all  colors 
will  be  equally  affected  and  the  resultant  effect  will  be  white  light. 

633.  Literference  of  Oonvergent  or  Divergent  Light.  If  a  diver- 
gent or  convergent  pencil  of  polarized  light  falls  on  a  doubly- 
refracting  crystal,  different  portions  of  the  pencil  will  traverse 
the  crystal  at  different  angles,  and  therefore  with  different  optical 
paths,  hence  the  interference  effects  will  not  be  uniform  over  the 
whole  field.  In  general  the  effects  are  quite  complex  and  cannot 
discussed  here,  but  the  simple  case  of  a  uniaxial  crystal  cut 
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perpendicular  to  the  optic  axis  may  be  considered  as  an  illustra- 
tion. Consider  such  a  pencil  diverging  from  O  and  falling  nor- 
mally on  the  face  ABCD  of  a  doubly  refracting  crystal  with  its 
axis  parallel  to  AA'   (Fig.  335).     The  vibrations  of  the  incident 
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light  may  be  supposed  to  be  in  a  vertical  plane,  as  indicated  by 
the  arrows.  At  P  and  Q  the  incident  vibrations  are  respcctivclj 
parallel  and  perpendicular  to  the  principal  sections  PP"  and  Ql^ 
and  Iravel  through  without  change.  If  an  analyzer  is  placed 
beyond  the  crystal  and  set  for  transmission  or  extinction  of  light 
transmitted  hy  the  polarizer,  there  will  be  a  light  cross  or  a  dark 
cross  on  a  screen  beyond  it  corresponding  to  the  crossed  lines  PF 
and  QQ'.  The  light  incident  at  such  a  point  as  R,  however,  will 
be  vibrating  at  an  angle  with 
the  principal  section  RR'.  and 
will  be  resolved  into  two  com- 
ponents. A  relative  difference 
of  phase  between  them  will  exist 
at  emergence,  and  interfcrtnn 
effects  will  take  place  when  the" 
are  re-resolved  into  the  same 
plane  by  the  analyxer.  The 
same  difference  of  path  will 
exist  for  all  rays  incident  at 
the  same  angle,  that  is.  U  all 
points  equidistant  from  the  nor- 
mal from  S  to  ABCD,  hence  colored  rings  similar  to  Newton's 
rings  in  appearance  will  be  projected  on  a  screen  beyond  the 
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analyzer.  The  "  rings  and  hnisties "  due  to  a  calcite  plale  are 
shown  in  Fig.  336,  The  brushes  are  dark,  showing  that  the  Nicols 
are  crossed. 

The  interference  effects  due  to  crystals  cut  in  other  ways  or  to 
biaxial  crystals  are  analogous  to  those  described  above,  but  more 
complex, 

S34.  Doable  Refraction  dne  to  Strain.  If  a  plate  of  glass  or 
other  isotropic  substance  is  placed  between  a  polarizer  and  an 
analyzer  sel  for  extinction  no  effect  is  produced.  If  ihe  substance 
is  then  compressed  or  stretched  some  light  will  pass  and  inter- 
ference effects  similar  to  those  described  above  will  be  produced. 
This  shows  that  an  isotropic  substance  becomes  doubly  refracting 
when  subjected  to  unsymmetrical  strain.  This  method  offers  a 
very  delicate  test  of  deviations  from  isotropy.  Some  liquids  show 
the  same  characteristics  in  cases  where  the  viscosity  is  so  great 
or  the  stress  so  suddenly  applied  that  a  uniform  hydrostatic  pres- 
sure has  not  had  time  to  become  established  throughout  the  sub- 
Stance.  Imperfectly  annealed  glass  exhibits  double  refraction.  As 
shown  by  Tyndall,  a  bar  of  glass  set  in  longitudinal  vibration  re- 
stores the  light  through  the  crossed  nicols,  and  a  rotating  mirror 
shows  that  the  effect  is  set  up  periodically  as  the  compression  waves 
pass  across  the  field. 

Kerr  found  thai  a  block  of  glass  in  a  strong  electrostatic  field 
becomes  doubly  refracting  like  a  uniaxial  crystal  with  its  axis 
parallel  to  the  field. 

G3S.  Olrcnlar  and  Elliptical  FolartEatlon.  Cnnsider  Ihe  stale  ai  the 
light  onginalljr  jilane  [)o1ari»d  as  it  eriieriics  from  a  doubly- refracting 
cryslal  before  il  reaches  the  an.ilyrer.  The  ordinary  and  extraordinary 
rays  itirt  from  the  first  surface  in  the  same  phase,  but,  as  iheir  velocities 
are  diRercnl,  one  set  of  waves  will  fall  behind  the  other.  At  different 
pointi  wilhin  tbe  crystal  the  ether  will  be  subject  to  two  disturbances  at 
right  angles  10  each  other  and  with  phase  differences  depending  upon  the 
thickness  of  Ihe  medium  traversed.  The  optical  difference  of  path  d  at  a 
distance  I  from  the  first  surface  is  UV/VA  —  (f/f'.lU.  At  poinu  where 
thii  difference  is  n\  the  light  is  ptane  polarized  in  a  direction 
Rie<Iiate  between  Ihe  planes  of  vibration  of  the  two  components,  thi 
depending  on  their  relative  amplitudes,  and  being  45°  if  these  arc  ecgual. 
II  Ihe  dilTerence  of  path  is  (in  +  [)/a-X  the  light  will  otherwise  be  plane 
polamed,  but  in  a  direction  at  right  angles  to  thai  in  the  previr 
^^f  lll<  difference  of  path  is  any  odd  multiple  of  a  quarter  of  a  wave-tent,t)L 
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the  diHturbance  will  be  elliptical,  or  circular  if  the  amplitudes  arc  cqinl 

For  intermediale  dilTerencea  of  path  ihe  dislurbonce  will  be  elliplical,  I 

anca  of  the  ellipse  being  oblique  with  respect  to  the  ixts  of  the  OTitil 

The  successive  Etsges  at  different  distances  from  (he  Grst  surface  are  shoal 

in  Fig.  337.    On  emcrscnc 

the  crystal  the  ether  distttrbaiN 

will  preserve  the  final  form,  u 

will  be  plane,  elliplically,  01  d 

cularly    polariied    according   ! 

/       tf      O        6  \         0         '''^  thickness  of   the  crystal, 

:         1  •  I  ,1         the  waves    are  circularly  potal> 

ized     the     disturbance 

through  space  like  a  poii 

Fio.  337.  rotating     screw.     The     p 

tion  is  said  to  be  right-banded  if 
the  rotation  is  clocliwise  looking  in  the  direction  of  propaKalion,  or  it 
displacement  resembles   thai   of   a   right-banded   screw,   left-handed  IE 
displacement  is  like  that  of  a  lefl-handed  screw. 

When  light  is  totally  reflected  (here  is  a  phase  difference  between  the 
vibrations  respectively  in  and  at  right  angles  to  the  plane  of  incidence,  sa 
that  this  light  is  elliplically  or  circularly  polariied.     In  ordinary 
there  is  a  slight  elliptical  polarisation,  which  becomes  very  marked 
case  of  metallic  reQection. 

536.  Piodnction  aod  Detection  of  ElUptlt:aJl7  PolarUed  Idght    Oi- 

cularly  or  elliplically  polariied  light  cannot  be  detected  by  the  unaided  e^ft 
If  viewed  (hrough  a  Nicol  prism  no  change  in  the  intensity 
of  circularly  polaHied  light  accompanies  roUIion  of  the 
prism,  as  a  component  of  unchanging  magnitude  is  transmitted. 
If  Ihe  light  is  elliptically  polarized  there  will  be  variations  of 
intensity  as  the  prism  is  rotated,  the  intenwty  being  greatest 
when  the  principal  section  of  the  prism  is  parallel  to  Ihe 
major  axis  of  the  ellipse  (component  amplitude  of  greatest 
magnitude)  and  a  minimum  when  it  is  parallel  to  the  minor 
axis.  If  circularly  polariied  light  passes  through  a  crystal 
producing  a  relative  retardation  of  an  odd  number  of  quarter 
wave  lengths  of  a  particular  color  the  additional  retardation 
between  the  components  will  cause  the  emergent  light  to  be 
plane  polarized  in  an  azimuth  which  may  be  found  by  the  ana- 
lyzing Nicol  prism.  Such  a  crystal  is  called  a  t]u«rtet-wave 
plate.    These  plates  can  readily  be  prepared  from  thin  sheets 


Another  device  for  securing  or  testing  circularly  polarized 
light  is  Fresnel's  rhomb  (Fig.  338).    A  block  of  glass  is  cut 
with  the  angle  at  B  equnl  to  54°.  so  that  a  pencil  of  light  inddent  nornul 
will  be  lotally  reflected  at  B  and  again  at  C,  the  angle  of  incidence  bei> 


[  At  each  reflect) 
I  of  a  period  ii 
k  to  tbe  plane  of  ii 
E  die  incideiit  Vfht  ii  ptanc  poliri  irJ  a>  a 


If  two  mcol  priSBM 
E  cat  witli  tihe  fac* 


stion  of  the  Fiamt  of 

-  extinction  and  a  cxjstal  of 

1  the  light  falls  at  ri^it  an^es 

r  or  tartaric  add  is  placed  belwegi  ikaa,  titt  SfflU  wifl  fce 

On  ttrntiog  tbe  analrzer  rliHM|.li  a  prea  a^jle  dcpcad- 

I  the  thickness  of  the  crystal  or  tfic  aolnddn,  the  ^tc  wSl 

)  be  extinguished.     This  sbow«  tint  the  plane  <rf  putartutiop 

%a  rotated  through  this  ai^le.    Sobitaaas  pndadaf  GUa 

e  said  to  be  naturally  optically  actiTc. 

it  passes  through  a  quartz  prism  >o  citt  tint  tbc  light  u 
mitted  in  ih«  direction  of  ibe  optic  axis  it  is  found  that  then 
Is  a  slight  double  refraction,  so  that  ^»ectral  bncs  appear  dooUe. 
This  shows  that  the  two  wares  traTd  with  slightly  djfirercnt  veloci- 
ties even  along  the  optic  axis;  cocseqoently  tbe  two  ware  warfaett 
cannot  be  tangent  to  each  other  ({530),  but  nuut  be  sfightly 
separated.  This  is  not  gencraHy  tnie  of  wntaxial  crystals,  bat  only 
of  those  which  rotate  the  plane  of  polarixation.  It  is  found  that 
the  two  waves  are  circularly  polarized  in  opposite  iSrectioas,  SO 
that  this  is  a  case  of  circular  double  refraction.  As  first  tag' 
gested  by  Fresnel,  it  appears  that  when  light  trarels  aloOK  the 
optic  axis  of  quart):  it  is  divided  into  two  circnUrty  polarized 
components,  which  travel  with  different  velocities.  This  offers  a 
■imple  explanation  of  the  rotation. 

^Hf  tfae  tight  incident  on  the  qtarti  is  plane  poJariied  aed  rilratinf  in 
^^Kdirection  AB  (Fig.  339)  ibere  will  be  tir«  circBlaTi7.poIarized  cmnp^ 
^^^  tnnsmiitcd,  wliicb  <m  anrTgatct  wiH  recomUae  mto  a  plase  polsr- 
faed  beam.  If  tlie  Tclocilies  of  pcopajation  of  tbe  two  campODOUi  an  tht 
lame  llie  direction  of  polariialioa  of  tlie  tesnltaot  will  be  nncliaofcd.  If 
Doe  component  travel*  falter  tlun  tbe  other  tbc  plane  of  Tfbralion  win  be 
rotaled  in  ttac  direction  of  rotation  of  that  eompoDoit  which  rocatet 
through  (he  greater  an^e  a  to  IraTCling  a  giTcn  diitance.  i.  (..  the  eoni- 
poDeal  wbich  has  the  imalter  Tclocit;  of  propagation.  The  Iwo  ca*ei  are 
tlliwtraled  in  Figs.  339  and  340.     If  each  circitlaT  diiplaceineitt  r  and  I  is 
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rcfolTed  into  two  Hnemr  diiplaccmcnU  x  woA.  y  (differing  ia  pliaie  bj  one 
fourth  period),  it  is  teen  that  in  the  first  case  the  two  s  componcots  at 
any  point  in  the  medium  are  equal  and  opposite,  lesTing  the  two  y  compo- 
nents in  the  same  direction  to  combine  in  a  plane  polarized  beam,  the  libn- 
tions  of  which  are  in  the  same  direction  as  those  of  the  original  beam.    Ia 


Fig.  339. 


FUb  340. 


the  second  case  the  x  components  and  the  y  components  are  req>ectiTel7 
unequal.  If,  however,  we  refer  displacements  to  an  axis  of  reference 
shifted  through  an  angle  (at  —  cU)/^  with  the  original  direction  of  vibratioii 
it  will  be  seen  that  with  reference  to  this  axis  the  displacements  will 
cancel  each  other.  This  line  A'B'  then  represents  the  final  direction  of 
vibration  and  the  rotation  is  (at  —  ai)/^. 

Some  quartz  crystals  rotate  the  plane  of  polarization  clock-wise 
looking  in  the  direction  of  propagation,  and  are  called  right- 
handed  ;  others  produce  rotation  in  the  opposite  direction,  and  are 
called  left-handed.  These  two  classes  of  crystals  can  be  dis- 
tinguished by  inspection  on  account  of  certain  unsymmetrical  facets 
which  are  differently  placed  in  the  two  cases.  In  order  to  over- 
come circular  double  refraction  in  quartz  prisms  used  for  spectro- 
scopic purposes,  the  prism  is  made  in  two  halves  cut  perpendicular 
to  the  axis,  one  of  right  and  one  of  left-handed  quartz.  These 
are  called  Cornu  prisms. 

The  rotation  of  the  plane  of  polarization  of  light  of  the  wave 
lengths  corresponding  to  some  Fraunhofer  lines  caused  by  a  quartz 
plate  of  one  mm.  thickness  is  given  below: 

A  B  C  D  F  G  K 

12.67**     15.75*'     17.32*'    21.70**    32.97*'    42.60**    52.15** 

As  shown  by  these  figures,  the  rotation  varies  very  nearly  in- 
versely as  the  square  oi  the  vfave  length. 
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number  of  other  crystals  produce  rotation.  Fused  quartz 
Bhows  no  double  refraction  or  rotation.  These  effects  arc  evi- 
dently  due  rather  to  the  crystalline  arrangement  of  the  molecules  \ 
than  to  their  individual  structure. 

A  number  of  liquids,  such  as  turpentine  and  the  different  sugara 
in  solution,  also  cause  rotation,  that  due  to  turpentine  being  left- 
handed,  and  that  due  to  some  sugars  right-handed,  of  others  left- 
handed.  The  vapors  of  such  substances  as  turpenline  also  produce 
rotation.  In  such  cases,  as  with  quartz,  there  is  circular  double 
refraction,  and  the  rotation  is  to  be  explained  in  the  same  way. 
In  the  case  of  liquids  and  vapors,  however,  the  effect  must  be  due 
to  unsymmelrical  structure  of  the  molecule  itself,  as  there  is  no 
crystalline  structure,  or  if  there  is,  the  crystals  are  irregularly 
oriented.  The  amount  of  rotation  varies  inversely  as  the  square 
of  the  wave  length,  and  is  proportional  to  the  thickness  of  the 
medium,  and  also  to  the  concentration  in  the  case  of  solutions. 

The  specific  rotatory  power  [a]  is  defined  as  being  equal  to  the 
angular  rotation  produced  by  one  decimeter  of  a  substance  of 
unit  density  (or  one  gram  per  cubic  em.  in  case  of  solutions).  If 
the  observed  rotation  is  o,  [a]  ^  t^/lp,  where  I  is  the  length  and  p 
the  density,  or  if  the  percentage  concentration  is  p 

[a]  =  looa/lp 

The  rotatory  power  of  sugar  is  very  nearly  proportional  to  the 
concentration,  so  that  the  purity  of  the  substance  may  be  accurately 
tested  by  a  polariscope.  This  mode  of  testing  is  called  saccha- 
rimetry.  Various  special  forms  of  sensitive  polariscopes  have  been 
devised  for  this  purpose.  Cane  sugars  cause  a  right-handed  rota- 
tion, grape  sugar  a  negative  rotation.  The  specific  rotatory  power 
of  different  sugars  for  sodium  light  is  given  below.  In  some 
cases  there  is  a  slight  variation  with  the  concentration.  There  is 
also  a  temperature  variation. 

Temp. 

Cane  tugar  iS°  66.94°        — o.oii    p 

Lactoie    ao'  33,53* 
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638.  Rotation  by  Magnetic  Field.  Faraday  discovered  in  1845 
that  the  plane  of  rotation  of  light  passing  through  a  refractive 
substance  in  a  magnetic  field  is  rotated  if  the  light  travels  parallel 
to  the  force  lines.  No  effect  is  produced  by  a  magnetic  field  on 
light  waves  in  free  space,  and  in  general  the  effect  increases  with 
the  refractive  power  of  the  substances,  being  especially  maiiced 
in  dense  flint  glass  and  carbon  bisulphide  and  very  feeble  in  the 
case  of  gases..  The  rotation  is  usually  proportional  to  the  field 
intensity  and  to  the  thickness  of  the  medium.  Some  substances 
cause  right-handed  and  others  left-handed  rotation.  The  effect 
varies  with  the  wave  length.  The  rotation  produced  by  one  cm. 
thickness  in  a  field  of  unit  strength  (Verdet's  constant)  is:  For 
water,  0.0131®;  carbon  bisulphide,  0.0435**;  dense  flint  glass,  0.06®. 
Kundt  found  that  enormous  rotations  are  produced  by  thin  films 
of  iron  or  other  magnetic  material  in  a  strong  magnetic  field. 

In  naturally  active  substances  the  direction  of  rotation  is  inde- 
pendent of  the  direction  of  propagation  of  the  light,  so  that  if  a 
rotated  beam  is  sent  back  by  reflection  its  plane  is  turned  back  to 
the  original  position.  In  magnetically  active  substances  the  direc- 
tion of  rotation  is  reversed  with  reversal  of  the  field,  so  that  if 
the  beam  is  sent  back  through  the  medium  the  rotation  is  doubled. 

When  a  beam  of  plane-polarized  light  is  reflected  from  a  metillic 
surface  a  relative  phase  difference  is  introduced  between  com- 
ponents respectively  in  and  at  right  angles  to  the  plane  of  inci- 
dence, so  that  the  reflected  light  is  elliptically  polarized,  unless  the 
incident  light  vibrates  parallel  or  at  right  angles  to  the  plane  0/ 
incidence.  Kerr  found  that  if  the  light  is  reflected  from  the 
polished  pole  of  an  electromagnet  it  becomes  slightly  elliptically 
polarized,  even  under  the  conditions  just  mentioned. 

639.  Zeeman  Effect.  Faraday  investigated  the  spectra  of  sources 
placed  in  a  strong  magnetic  field,  with  a  view  of  finding  whether 
the  radiation  is  affected  thereby.  His  experiments  were  fruitless, 
but  in  1896  Zeeman  repeated  them  with  a  powerful  Rowland  grat- 
ing, and  discovered  an  effect  which  has  proved  to  be  exceedingly 
important  in  its  bearing  on  theories  of  radiation.  He  placed  a 
bunsen  flame  colored  with  sodium  between  the  poles  of  an  electro- 
magnet. When  the  light  from  the  source  traveled  either  parallel 
or  at  right  angles  to  the  direction  of  the  field,  he  observed  a 
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jadening  of  ihe  spectral  lines  when  the  field  was  established, 
t  A.  Lorentz  pointed  out  that  such  effects  were  in  harmony 

*'  electron  "  theory  of  radiation  proposed  by  him,  and  predicted 
IBt  further  investigation  would  show  the  radiation  to  be  polarized 
r  the  field,  either  circular  or  plane,  according  to  the  direction  in 
bich  it  was  viewed.  Zeeman  found  this  to  be  the 
mplest  cases  when  the  light  is  viewed  normally  to  the  field  each 
rctral  line  is  split  into  triplets,  the  vibrations  in  the  central  and 
displaced  component  being  parallel  to  the  force  lines,  those  of 
;  lateral  and  displaced  components  at  right  angles  to  Ihe  force 
Vhen  the  source  is  viewed  parallel  to  the  force  lines  single 
pes  become  doublets,  the  components  being  circularly  polarized 
■  opposite  directions,  and  displaced  on  each  side  of  the  mean  posi- 
1  of  the  line.  In  some  cases  the  effects  are  much  more  com- 
,  a  large  number  of  components  being  produced  from  single 
1,  but  the  simple  case  described  above  is  fully  explained  by 
orentz's  theory.  He  considers  that  the  radiant  center  in  the  case 
a  line  spectrum  is  an  electron,  a  small  electrically  charged  body, 
!t)tating  within  or  about  an  atom  in  a  circular  or  elliptical  orbit, 
r  lines  of  evidence  indicate  that  these  electrons  are  held  in 
I'their  orbits  by  a  positive  charge  on  the  atom,  or  rather  "ion." 
■  These  electrons  communicate  their  motion  to  the  ether.  If  an 
electron  is  rotating  in  an  orbit  parallel  to  the  line  of  sight  only 
the  component  of  motion  at  right  angles  to  the  line  of  sight  is 
effective  in  sending  waves  to  the  eye,  so  that  plane- polar!  zed  light 
is  produced.  If  the  orbit  is  at  right  angles  lo  the  line  of  sight, 
the  electron  stirs  up  an  ether  vortex,  which  reaches  the  eye  as 
circularly -polarized  light.  A  charge  of  electricity  on  a  moving 
conductor  is  equivalent  to  an  electric  current  (§614),  and  has  a 
magnetic  field  which  reacts  with  any  external  field.  The  electro- 
dynamic  forces  may  easily  be  shown  to  accelerate  component  dis- 
placements of  the  charged  body  in  one  direction  at  right  angles  to 
the  field,  to  retard  those  in  the  opposite  direction,  and  not  lo 
affect  displacements  parallel  to  the  field  (§  622).  This  explains  the 
origin  of  the  "triplets."  In  orbits  at  right  angles  to  (he  field  the 
speed  of  rotation  will  be  accelerated  when  the  electron  is  moving 
in  one  direction  with  respect  to  Ihe  field,  retarded  when  moving  in 
the  opposite  direction.     When  electrons  are  present  moving  in 
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both  directions  two  circularly-polarued  rays,  or  ether  vortices,  »rt 
sent  out  parallel  to  the  field. 

No  effect  is  produced  on  band  spectra  by  a  magnetic  field.  Thii 
is  in  harmony  with  the  view  that  band  spectra  are  characteiistic 
of  the  undissociated  neutral  molecule,  not  subject  to  electrodynatmc 
forces.  A  number  of  lines  of  evidence  indicate  that  line  spedn 
are  possible  only  when  the  radiating  vapor  is  ionized- 

There  is  much  evidence  that  the  electrons  are  small  ncgativelj 
charged  bodies,  much  smaller  than  even  the  liydrogen  atom. 
Other  examples  of  electrons  are  cathode  rays  and  one  class  of 
radiation  from  radioactive  bodies  such  as  radium. 

DISPERSION  AND  SELECTIVE  REFLECTION. 
640.  DiBparaion.  It  was  pointed  out  in  §  439  that  dispersion  du( 
to  refraction  is  irrational,  that  is,  there  is  no  simple  relation 
between  the  deviation  of  lines  in  the  spectrum  produced  by  a  priim 
of  the  substance  and  the  wave  lengths,  as  there  is  iti  diffraction 
spectra.     As  a  general  rule  the  longer  waves  are  less  refracted 
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than  the  shorter,  and  the  dispersion  steadily  diminishes  in  the 
direction  of  the  longer  waves,  so  that  the  red  end  of  the  spectrum 
is  "  telescoped  "  as  compared  with  the  violet.  Within  the  limits  of 
the  visible  spectrum  the  relation  between  the  index  of  rcfractjon 
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and  the  wave  length  is  closely  expressed  by  the  empirical  relation 
{Cauchy's  formula) 

n  =  A+B/x'  +  C/X.' 


where  A,  B,  and  C  are  constants  varying  with  the  substance.  The 
dispersion  ctirve  of  fluorile,  showing  the  relation  between  index  of 
refraction  and  wave  length,  is  shown  in  Fig.  341. 

6il.  Anonuloiu  Dispersion.  It  is  not  always  true  that  the  devia- 
tion of  waves  by  refraction  increases  as  the  waves  become  shorter. 
In  i860  Le  Roux  showed  that  iodine  vapor  transmits  only  the  red 
and  violet,  and  that  the  red  is  refracted  more  than  the  violet.  In 
1870  Christiansen  found  that  in  the  case  of  fuchsine.  an  aniline  dye, 
blue  and  violet  are  less  refracted  than  red,  the  green  is  3bsorl>ed, 
and  the  other  colors  occur  in  the  usual  order.  It  has  since  been 
found  that  such  anomalous  dispersion  is  shown  not  only  by  a  large 
number  of  substances  such  as  the  aniline  dyes,  but  by  the  vapors 
of  sodium  and  other  metals,  and,  in  fact,  by  almost  every  substance 
investigated  in  some  part  of  its  spectrum,  visible  or  invisible, 
Ajiomalous  dispersion  always 
occurs  in  the  neighborhood  of 
what  appears  to  be  a  strong 
absorption  band,  which  is, 
more  properly,  a  region  where 
the  light  is  selectively  rcflecled 
rather  than  transmitted  or  ab- 
sorbed. The  index  of  refrac- 
tion is  abnormally  increased  on  |, 
one  side  of  this  band  and  dimin- 
ished on  the  other,  resulting  in  the  reversal  of  the  corresponding 
colors  in  a  speclrum  formed  by  a  prism  of  the  substance.  The 
dispersion  curve  of  a  substance  between  two  regions  of  such  selec- 
Bve  reflection  is  shown  in  Fig.  342.  Between  these  regions  the 
;  resembles  the  normal  dispersion  curve  shown  in  Fig.  341. 
It  The  absorptive  power  of  substances  showing  anomalous  disper- 
■  is  usually  so  great  that  it  is  impossible  to  secure  a  prism  of 

EEcienl  angle  to  give  a  spectrum  long  enough  to  clearly  show  the 
The  method  of  crossed  prisms  is  well  adapted  for  showing 

t  effect.     If  light  passes  in  succession  through  two  prisms  with 
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region  of  long  waves  to  such  an  eicteni  as  lo  make  the  method 
dispersion  by  diffra.ction  inapplicable,  (here  seemed  for  a  long 
le  to  be  no  way  of  isolating  and  studying  such  waves.     In  1896 
ibens  and  E.  F.  Nichols  showed  that  the  property  of  selective 
^^■flection  might  be  used.     Suppose  that  a  substance  showing  anom- 
alous dispersion   has   a  reflective  power  of  90  per  cenl.   in  the 
Hfegion  of  the  wave  lengths  A„  A„  etc.,  while  in  other  regions  of 
^be  spectrum  the  reflective  power  is  only  5  per  cent.     After  three 
k^iccessive  reflections  73  per  cent,  of  the  energy  of  the  indicated 
tovave  lengths  will  remain  and  practically  no  energy  of  the  other 
«>vave  lengths.     Having  thus  isolated  these  particular  waves,  their 
length  may  be  measured  with  a  coarse  diffraction  grating,  without 
-Khc  confusion  due  to  overlapping  of  regions  of  shorter  wave  length. 
The  lengths  of  some  of  the  residual  waves  (Reststrahlen)  obtained 
in  this  way  are  in  Angstrom  units 

rtz,  85,000,  90,200,  207,500.  Fluorite,  337,000. 

salt,  512,000.  Potassium  chloride   (sylvin),  611,000. 

.  Thaoiy  of  Anomalous  Dlapers£oa  and  Selectfre  BetlecUon.  K 
I  believed  that  these  effects  are  due  to  resonance,  tbe  free  periods  of  the 
rating  parts  of  the  maleculEg  being  the  same  ai  that  of  the  waves 
itfcctiTely  reflected.  According  to  the  latest  point  of  vievr,  the  vibrating 
meat  of  the  molecule  is  the  electron.  Selective  reflection  ma;  be  con- 
Tcd  as  the  re-radiation  of  ether  waves  by  the  electrons,  just  as  a  tuning 
Irk  fe-radi»tes  sound  waves  after  being  excited  by  resonance.  There  is 
|[  nicb  cases  little  "  frictional  "  absorption  of  energy,  which  is  completely 
nsformed,  not  re-radialed.  It  may  be  shown  from  mechanical  analogies 
I  electrical  theory  that  the  rate  of  propagation  of  wavea  through  a 
dium  will  be  accelerated  or  retarded  if  the  medium  contains  vibrating 
a  which  have  a  free  rate  of  vibration  slightly  greater  or  less  than 
kit  of  the  waves. 
I  A  complete  dispersion  formula,  taking  account  of  regions  liaving  anoma- 
»  dispersion  for  wav«  lengths  X,  and  \,  is 


,*=^  + 
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1  discontinuity 


%bere  \,  and  X,  are  the  lengths  of  the  light  waves 

of  vibration  ai  the  electrons  of  the  substance.    This 

in  n  and  anomalous  dispersion  for  these  wave  lengths 

The  electron  theory,  first  put  on  a  definite  basis  by  Zeeman's  discovery, 
^k  promises  to  give  an  explanation  of  radiation  and  most  of  the  optical  prop- 
^K  artie*  of  bodies. 


1.  A  mail  li  J  feel  la  incba  high.    What  u  the  > 
which  he  can  kc  hi*  tnll-tength  image? 

2.  Tko  plane  mirrori  are  parallel  In  eadi  alher  at  a  diitaDcc  of  ja  a 
Find  the  dimancci  from  each  mirror  or  tbe  tbrce  aearest  inuses  in  w 
of  an  ob)ecl  between  ihem  and  lo  cm.  from  doc 

S.  A  beam  of  light  is  reflected  from  a  plaoe  mirror  rcTohrinc  clodmt 
about  a  vertical  axis  ten  tines  per  accoiid,  falls  on  a  aeigtibaritig  m 
revolving  anticlockwiie  fifteen  timei  per  Kcood.   aad   Iben   on  a  «^ 
meters  awajr.     With  what  speed  doei  the  spot  of  ligfat  cross  Ibe  wall? 

4.  A  meter  rod  lies  along  the  axis  of  a  concave  mirror  of  ao  ctn.  I 
length,  one  end  in  contact  with  Ibc  minor.  Describe  the  imago  fomtil 
and  calculate  the  posilion  of  the  Urtt,  Gftb,  tenth,  twentieth,  fortieth,  sail 
one-hundred  III  cm.  marks,  and  the  tetigtb  of  each  divisioD  at  theae  poiiti 
(aMuming  the  rod  to  be  a  cm.  wide). 

B.  Prove  bjr  graphical  constructian  the  atatementa  made  in  1430  oott- 
eerning  elllpaoidal,  hyperboloidal,  and  piraboloidal  mirrors. 

e.  Show  by  diagrams  the  shape  of  the  wave  reSected  from  a  heat- 
spherical  concave  mirror  aa  it  paaaci  from  the  mirror  to  a  point  bejn  ' 
the  local  cusp,  (Thia  turface  must  everywhere  be  normal  lo  the  "  rajn 
which  it  cuu.) 

7.  A  conves  mirror  has  a  focal  length  of  1$  cm.  Calculate  the  poMtit 
and  the  height  of  the  image  of  an  object   lo   cm.   high   in   front  of  d 

8.  A  paper  square  with  sides  two  cm.  in  length  lies  in  and  panOd  U 
Ibi!  axis  of  the  above  mirror  at  a  dialance  of  40  cm.  Describe  the  ahapc  of 
the  image,  and  calculate  the  lengths  of  its  sides  and  the  angle*  Www 

9.  A  layer  of  ether  (n^i.j6)  a  cm.  deep  floats  on  waler  (i(=:ijj) 
3  cm.  deep.  Whal  is  the  apparent  distance  of  the  bottom  of  tlw  *  ' 
below  the  surface? 

10.  An  object  is  viewed  through  a  cube  of  glasi  (n:=l.ss)  10  <"■ 
thick,  in  a  direction  al  an  angle  of  60°  with  the  normal  to  the  glass  sor- 
face.  What  are  the  diipUcements  of  the  image  laterally  and  in  the 
line  of  sight? 

11.  A  convex  lens  aj  cm.  from  a  candle  flame  5  cm.  high  forms  an 
image  of  the  latter  on  a  screen.  When  the  lens  is  moved  25  cm.  further 
from  the  candle  an  image  is  again  formed  on  the  screen.  Calculate  the 
Tocal  length  of  the  tens,  the  distance  of  the  screen  from  the  candle,  and  the 
size  of  the  two  images. 

12.  Show  by  graphical  construction  whether  it  is  possible  10  constn 
a  single  thick  double  convex  lens  which  will  give  a  real  erect  image;  k 
another  which  will  give  an  Inverted  virtual  Image. 

13.  A  candle  flame  100  cm.  from  a  conven  lens  of  focal  length  v>  cw- 
is  displaced  i  cm.  away  from  the   lens  al  the  rate  of   1   cm.  per 
What  is  the  displacement  and  the  average  velocity  oC  its  Image? 

li.  A  convex  lens  (n  =  i.54)  >>as  a  focal  length  of  40  cm.  in  A 
What  is  the  focal  length  in  water  («  —  1.33)  ? 

IG.  The  images  of  objects  seen  through  a  spherical  flask  or  tyiiaSoBi 
glass  of  uniform  thickness  are  of  diminished  size.    Eiplaii 

16.  Two  convex  lenses  of  focal  lengths  10  and  30  cm.  arc  10  cm.  apart 
Calculate  the  position  and  length   of  the  image  of  an  objec 

m.  in  front  of  the  first  lens.      (Consider  the  image  due  to  the  fi(« 
o  be  the  object  for  the  second.) 


[  17.  Replace  Ihc  first  lens  in  lie  above  problem  by  a  concave  lens  of  Ihe 
Mne  focal  length  acid  delcTmine  Ibe  positioD  and  magnitude  of  ibe  image. 

18.  The  sun  has  an  angular  magnitude  of  3a'.  Wbal  is  the  size  of  the 
tolar  image  formed  by  a  concave  mirror  of  50  feet  focal  length? 

19.  Wben  focused  on  a  alar,  Ihe  distance  of  Ihe  eyepiece  of  a  lelescope 
from  Ibe  object  lens  is  50  cm.  To  see  a  certain  terrestrial  object  clearly 
Ihe  eyepiece  must  be  drawD  out  2  cm.  What  is  the  distance  of  Ihe  object 
from  ibc  observer? 

20.  In  the  above  example,  if  Ihe  eyepiece  has  a  focal  length  of  i  cm., 
and  if  Ihe  object  referred  lo  is  a  tree  20  feet  high,  what  is  the  size  of  the 
image  formed  by  Ihe  object  lens?  What  is  ihe  angular  magnitude  of  the 
image  formed  by  Ibe  eyepiece? 

21.  Tbe  mean  index  of  refraction  of  (he  eye  is  1.437-  H  25  cm.  is  the 
minimum  distance  of  distinct  vision  in  air,  what  will  it  be  under  water 
(»  =  i-J3): 

22.  A  double  convex  lens  with  faces  having  a  radius  of  eurvniure  of  ,10 
cm.  gives  a  real  image  at  a  distance  of  60  cm.  of  an  abject  40  cm.  away. 
What  is  its  focal  length?     Its  index  of  refraction? 

23.  An  achromatic  lens  is  to  be  made  of  a  combination  of  a  crown  glass 
double  convct  lens  [n^j  =  1.31,  «„  ^^  1-S2)  and  a  plano-concave  flini  glass 
tens  (11^  =  1.65.  H^  =  i.66),  the  adjacent  faces  to  fit  togelher  and  Ihe 
focal  length  to  be  so  cm.    Calculate  the  radii  of  curvature  of  the  faces. 

24.  A  candle  is  placed  10  cm.  in  front  of  a  concave  mirror  of  20  em. 
focal  length  (assumed  to  be  a  perfect  reflector).  What  is  the  illumination 
on  a  screen  100  cm.  from  Ibe  candle  along  the  mirror  axis,  as  compared 
with  that  due  to  Ihe  candle  alone? 

2E.  Solve  tbe  above  problem  after  substituting  a  convex  mirror  of  the 
same  focal  length  for  tbe  concave  mirror. 

26.  Two  sources  have  candle  power  16  and  97  respectively.  Al  what 
point  between  them  must  a  screen  be  placed  to  be  equally  illuminated 
by  Ihe  two? 

27.  Foucaull  in  his  arrangement  for  measuring  the  velocily  of  light 
(I  399)  placed  the  lens  between  Ihe  source  and  the  revolving  mirror.  Show 
that  with  this  arrangement — (0)  The  slationary  mirror  must  be  concave. 
with  center  of  curvature  al  the  axis  of  tbe  revolving  mirror;  (fc)  that  tbe 
stationary  mirror  cannot  be  placed  far  away  from  the  revolving  mirror 
unless  its  aperture  is  correspondingly  enlarged,  if  the  reflected  beam  is  to 
have  sufficient  intensity.  Show  that  Michelson's  arrangement  obviates 
these  di  sad  van  [ages. 

28.  A  60°  prism  has  an  index  of  refraction  of  1.62  for  the  D  lines  and 
1.63  for  the  F  line.  If  while  light  is  incident  at  an  angle  of  45  degrees. 
what  (ire  the  respective  angles  of  emergence  for  These  Iwo  colors? 

20>  In  the  above  case,  what  is  the  angle  of  minimum  deviation  for  each 
color?  IE  Ihe  spectromeler  telescope  has  a  focal  length  of  30  cm.,  what  is 
the  length  of  the  spectrum  between  D  and  F  when  ihe  prism  is  set  for 
minimum  deviation  tor  the   D   tines? 

30.  Looking  down  into  a  cylindrical  drinking  glass  partly  filled  with 
water,  one  cannol  see  external  objects  through  the  sides  of  the  glass, 
but  if  a  finger  is  firmly  pressed  against  the  side  of  the  glass  it  can  be  seen 
from  above.    Explain. 

31.  Ligfal  incident  internally  on  Ihe  surface  of  a  glass  prism  al  an 
angle  of  56*  is  totally  reflected  from  a  drop  of  liquid  tn  contact  with  the 

k glass.     If  the  index  of  refraction  of  the  laller  is   i.fia   for  sodium  light,  J 

wbat  is  the  index  of  refraction  of  the   liquid?  I 
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32.  In  a  Eyitcm  of  NrwIon'B  rings  due  to  a  comex  lens  resting  M 
place  surface  the  25th  ring  ia  one  cm.  from  the  center,  wben  sodium  &j 
is  used.  What  is  the  ihickaess  of  the  air  GJm  at  that  point,  and  wbU 
the  radius  of  curvature  of  the  lens? 

33.  If  the  air  liim  is  replaced  by  water  in  the  above  example,  what  wiQ' 
the  distance  of  the  asth  ring  from  the  center? 

31.  Light  from  a  nareaw  slit  passes  through  two  parallel  slits  tu  mi 
apart.  The  interference  bands  on  a  screen  loo  cm.  airay  are  a.95  mi 
apart.    What  is  the  wave  lenElb  of  the  lizbl? 

35.  The  angles  of  a  Fresnel  biprism  bie  ■□'  and  the  index  ol 
1.63.  What  is  the  distance  between  the  two  images  oE  a  slil  10  c 
from  the  prism?  What  is  the  width  of  the  interference  bands  of  Kxiii 
light  formed  on  a  screen  50  cm.  beyond  the  prism?  Wliat  is  their  vid 
if  light  of  the  wave  length  of  the  F  line  is  used? 

36.  The  D  tines  in  the  spectrum  of  the  second  order  fotmea  by  a  Ra 
land  concave  grating  of  15  feci  radius  of  curvature  arc  3.1s  cm.  from  l 
slit.     What  ia  the  distance  between  rulings? 

antral  maximum  of  the  diEFraction  bands  of  sodium  ligkt  pi 
arrow  slit  on  a  screen  at  a  distance  of  loo  cm.  is  a  mm.  nii 
re  the  other  maxima  and  the  slit  ? 
□   the  diffraction  bands  in  the  shadow   oC  a   needle  or  «i 


37.  The 
duced  by  a  n 

38.  Explaii 
(Fig.  2S9). 

SB.  A  film 

pkcement'of 


3f  glaaa  of  index  of  refraction  1.54  is  introduced  ti 


fringes   of   i 


light   a 


i   (he  field.     What 


iO.  Describe  and  explain  the  appearance  of  the  filaAient  of  a  dis> 
electric  light  as  seen  through  very  small  pinholes  of  different  sixes. 

41.  Two  narrow  slits  o.i  mm.  apart  are  illuminated  by  sodium  In 
What  must  be  the  diameter  of  a  lens  s  meters  away  to  clearly  lesolie 
images  of  the  two  slits? 

42.  In  the  above  case,  at  what  distance  will  (he  same  lens  clearly  rest 
Ihe  images  of  the  slits  if  they  are  illuminated  by  light  of  wave  leu 
corresponding  to  that  of  the  F  line? 

43.  Plane  polarized  light  falls  normally  on  a  plate  of  quartz  with  txct 
parallel  to  the  axla.  If  the  vibrations  of  the  incident  light  are  )1  » 
angle  of  30°  with  the  principal  plane,  calculate  the  relativi 

It  ted  ordinary  and  extraordinary  rays. 

44.  In  the  above  case,  if  the  incident  vibrations  are  at  an  angle  of  ij" 
with  the  principal  plane,  and  if  the  crystal  is   1   mm.  thick,  whal  ii 
difference  of  phase  upon  emergence  of  the  ordinary  and  exlraordinary  I 

light  (!5>7)? 


45.  A  crystal  of  Iceland  spar  cut 
cm.  thick.  How  far  below  the  upp< 
ordinary  images  of  a  pencil  mark  on 

46.  Through  how  many  degrees  1 
solution  of  cane  sugar  ri 


with  faces  parallel  to  the  axes 

r  surface  are  Ihe  ordinary  and  eitri- 

ihe  lower  face? 

ill  a  column  ao  em.  long  of  a  la  pfl 

:  plane  of  polariiation  of  sodiiuB  Ut^'l 

47.  On  mapping  the  spectral  intensity  curve  of  an  incandescctit  lonRI 
is  found  that  the  maximum  intensity  is  at  wave  length  ii.uoo  AogsKl* 
Ills.    Whal  Is  Ihe  temperature  of  the  source? 

48.  The  displacement  of  the  P  line  of  hydrogen  (wave  length  tU 
Angstrom  units)  in  the  .spectrum  of  a  star  is  .1  of  a  unit  lonrd  (M 
violet.  What  is  the  direction  of  motion  and  velocity  of  the  star  Hi  the  lU 
of  sight  ? 


ELEOTBIOITY  AND  MAGNETISU. 

By  Arthur  W.  Goodspeed,  Ph.D., 

Professor  of  Pkysics  in  the  University  of  Pennsylvania. 

MAGNETS  AND  MAGNETIC  FIELDS. 

645.  Uagnets  and  Maguetisia.  The  terms  magnet  and  magnetiBin 
were  derived  from  the  name  of  the  city  of  Magnesia  in  Asia  Minor 
near  which  was  first  found  an  iron-ore  having  the  special  property 
of  attracting  iron.  This  mineral  has  received  the  name  magnelile. 
It  was  known  as  early  as  the  tenth  or  twelfth  century  that  a 
piece  suspended  by  a  thread  always  sets  itself  in  the  same  position 
relatively  to  the  north  and  south  line.  Because  of  this  directive 
property  the  substance  was  also  called  loJeslone.  Little  more  was 
observed  of  the  properties  of  this  mineral  till  the  appearance  of 
'■  De  Magnele  "  by  Dr.  Gilbert  in  1600.  He  located  centers  of 
.-iiiraction  which  he  called  poles  of  the  magnet,  and  he  called  the 
straight  line  joining  the  poles  the  magnetic  axis.  Gilbert  also 
discovered  ihe  field  of  force  surrounding  a  magnet,  and  by  meatis 
of  iron  filings  he  studied  the  shape  and  properties  of  the  field 
.somewhat  in  detail.  That  cobalt  and  nickel  are  also  attracted  by 
a  magnet  was  not  discovered  till  nearly  one  hundred  and  fifty 
years  after  Gilbert's  time,  ihc  former  by  Brandt  and  the  latter  by 
Cronstedt.  In  1778  Brugmans  discovered  that  bismuth  is  actually 
repelled  by  a  magnet,  while  Faraday  in  1845  found  the  same  to  be 
true  of  several  other  substances,  as  phosphorus,  antimony,  and 
copper, 

546.  Magnetic  Snbstances.  It  appears  then  that  substances  are 
divided  into  two  groups,  those  which  when  free  behave  like  mag- 
netite and  lend  to  set  their  axes  nearly  parallel  to  the  north  and 
south  line,  and  those  which  tend  to  place  their  longer  dimensions 
across  or  perpendicular  to  this  direction.  Substances  belonging 
to  the  former  class  are  called  paramagnetic,  while  those  of  the 
Inlter  arc  called  diamagnetic  substances.  Paramagnetic  substances 
47S 
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strengih  of  the  magnet  is  increased  for  a  time  until  finally  a 
condition  is  reached  when  no  further  rubbing  has  any  effect.  (A 
more  effective  method  depending  on  the  use  of  a  current  of  dec- 
Irieity  will  be  explained  later  in  §  624.) 

A  heavy,  thick  bar  is  much  more  difficult  to  ma^etize  than  a 
Ihin  one.  Hence  it  is  customary  when  a  large  magnet  is  wanted 
to  magnetize  a  number  of  thin  pieces  and  then  to  bolt  them  to- 
gether into  one  mass.  In  this  way  a  compound  magnet  is  made 
which  is  far  more  powerful  than  it  would  be  possible  to  make 
from  one  piece.  It  must  be  noted  that  the  resulting  strength  of 
a  compound  magnet  is  not  by  any  means  the  sum  of  the  strengths 
of  its  parts.  This  is  because  of  the  weakening  effect  of  like  poles 
on  each  other. 

It  is  often  convenient  to  be  able  to  make  use  of  both  poles  at  the 
same  time  and  this  is  made  possible  by  bending  the  bar  into  the 
shape  of  a  U  or  of  a  horseshoe. 

6*8.  Effect  of  Temperature.  Gilbert  states  that  iron  at  a  red 
heat  cannot  be  magnetized.  In  more  recent  times  it  has  been  shown 
by  Hopkinson,  Ledeboer,  Rowland  and  others  that  up  to  about  680° 
C.  pure  iron  does  not  change  appreciably  in  its  magnetic  proper- 
ties ;  that  above  this  a  rapid  change  begins,  and  at  a  temperature 
of  about  870°  its  magnetic  properties  disappear  altogether.  For 
nickel  the  temperature  of  loss  of  magnetic  properties  is  about 
320°;  for  cobalt  it  is  about  1100°. 

649.  Dual  Natnie  of  Uasnetism.  If  a  magnetized  steel  bar  be 
examined  along  its  length  by  hanging  on  soft  iron  nails  of  various 
sizes,  it  will  be  found  that  the  heaviest  nails  will  be  supported 
al  or  very  near  the  ends  or  poles  and  that  from  the  poles  towards 
the  middle  the  strength  decreases  to  zero.  If  the  bar  be  poised 
or  suspended  so  as  to  be  free  to  turn  in  a  horizontal  plane,  it  will 
direct  itself  approximately  north  and  south,  and  it  has  become 
customary  to  distinguish  the  end  directed  towards  the  north  by 
the  mark  +  or  iV  and  to  call  it  the  positive  or  north-seeking  pole. 
The  other  end  is  called  negative,  and  is  distinguished  by  the 
mark  —  or  S. 

If  two  suspended  magnets  be  brought  near  each  other,  tt  will 
be  noted  that  the  two  positive  poles  will  repel  each  other,  and  also 
that  the  two  negative  poles  will  repel  each  other.    A  positive  pole 
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and  a  negative  one  will,  however,  attract  each  other.  From  these 
observations  we  may  generalize  that:  like  magnetic  poles  repd 
zi'hilc  unlike  magnetic  poles  attract  each  other.  Furthermore  these 
forces  may  be  greater  or  less  depending  on  the  strength  of  the 
poles,  and  on  the  distance  between  them.  A  unit  magnetic  poU, 
or  a  pole  of  unit  strength,  may  be  defined  as  one  capable  of  exert- 
ing a  force  of  one  dyne  on  another  pole  of  the  same  strength  at 
the  distance  of  one  centimeter  in  a  vacuum.  Hence  a  pole  of 
strength  m  is  one  that  will  exert  a  force  of  m  dynes  on  a  unit 
pole  placed  at  unit  distance  from  the  former. 

550.  Coulomb's  Law.  Although  we  cannot  isolate  a  single  pole, 
yet  in  the  case  of  a  long  thin  magnet  the  space  near  one  of  its 
poles  is  practically  controlled  by  that  pole  alone,  the  other  being 
relatively  so  far  away.  The  laws  of  magnetic  attractions  or  repul- 
sions were  first  investigated  by  Coulomb  in  1785. 

He  showed  that  the  two  poles  of  a  magnet  are  of  equal  strength 
and  he  investigated  the  law  of  variation  of  force  with  distance  in 

the  case  of  two  poles  of  different  magnets. 
This  was  done  with  his  torsion  balance.  A 
long  magnetic  bar  was  suspended  hori- 
zontally by  means  of  a  wire,  the  upper  end 
of  which  was  fastened  at  the  middle  of  a 
circular  graduated  disk  capable  of  being 
rotated  a  measurable  amount  Another 
long  magnet  was  fixed  with  its  axis  ver- 
tical and  with  one  of  its  poles  horizontally 
opposite  to  a  pole  of  the  suspended  mag- 
net so  as  to  rotate  the  latter.  The  mutual 
force  between  the  two  at  different  distances 
was  determined  by  measuring  the  angle 
necessary  to  turn  the  disc  to  keep  the  poles  at  a  fixed  distance 
apart.  Magnets  of  different  strengths  were  also  used.  The  results 
of  these  experiments  led  to  the  two  following  generalizations: 

1st.  The  mutual  force  between  two  magnetic  poles  at  a  ffve^ 
distance  is  directly  proportional  to  the  product  of  the  strengths 
of  the  two  poles, 

2d,  For  the  same  poles  the  force  is  inversely  proportional  to 
the  square  of  the  distance  between  them. 


Fig.  345. 


MAGNETIC  FIELDS. 


The  following  expressic 
is  Coulomb's  Law : 


1  combines  both  o(  these  and  is  known 


in  which  F  denotes  the  force,  m  and  m'  the  strenglhs  of  ihe  iwo 
poles  and  r  the  distance  between  tliem,  all  measured  in  absolute 
units.  Coulomb's  experiments  were  performed  in  air.  Since  his 
time  it  has  been  found  that  the  force  between  two  poles  depends 
on  the  medium  in  which  they  are  placed.  ^  is  a  constant  depend- 
ing on  the  medium  through  which  the  force  acts  and  in  ibe  case 
of  air  it  is  approximately  unity.  The  force  may  be  one  of  attrac- 
tion or  of  repulsion.  Conventionally  a  repubive  force  is  assumed 
lo  be  positive  because  it  tends  to  increase  the  distance  r. 

651.  Magnetic  Field.  Since  there  is  a  mutual  action  between 
two  magnets  even  when  quite  a  distance  apart,  the  space  around  a 
magnet  is  possessed  of  certain  properties  distinguishing  it  from 
other  space.  We  express  this  by  saying  that  a  magnet  creates 
around  itself  a  field  of  force  which  wc  call  a  magnetic  field.  We 
f  define  the  intensity  of  a  magnetic  field  at  any  point  as  equal 
ke  force  thai  uould  be  exerted  on  a  umt  \  magnetic  pole  {■laced 
t  the  potnt  The  character  of  such  a  field  may  be  made  clear  to 
;  and  studied  by  placing  a  magnet  in  a  horizontal  position 
[  It  by  a  piece  of  card  or  of  thin  gliss  and  siftmg  uni 
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Ffield  is  produced  by  a  single  straight  hai  magoel  with  the 
iiles  near  the  ends.  Fig.  347  shows  the  field  looking  end-on 
jwards  3  bar  magnet.     Fig.  348  represents  the  field  between  the 

E^les  of  two  such  magnets  with  unlilie  poles  oppoMuL  Fig.  349 
lows  the  field  between  two  like  poles.  The  arrangctncnt  ol  lh« 
lings  at  once  su^ests  the  linear  property  of  a  field  o(  (ofce,  and 
1  fact  It  was  suggested  by  Faraday  to  repre>cnt  fieUi  of  force  bj 
i^s  of  force  the  direction  of  the  line  al  any  poral  utdicttinK  the 
i.tion  in  which  the  resultant  force  aOt,  and  Ibe  clofeneM  of 


the  lines  indicating  the  intensity  of  Ibe  force.  Following  out  thia 
suggestion  it  is  agreed  now  to  repfcscnt  graphically  the  inleuity 
of  the  Geld  by  drawing  lines  of  force,  »a  that  the  numl>er  of  lines 
per  square  ccniimeter  perpendicular  to  their  direction  shall  equal 
the  intensity  of  the  field.  (Such  lines  might  more  properly  be 
called  lines  of  inteniUy.)  If  an  area  not  unity  be  considered  and 
if  this  be  denoted  by  a,  then  the  product  of  a  by  the  average  in- 
tensity of  the  field  equals  the  total  number  of  lines  of  force  through 
a  and  is  called  the  magnetic  flvx  through  the  area. 

It  is  beh'e%-ed  that  all  actions  which  seem  to  take  place  at  a  dis- 
tance are  really  due  to  a  strained  state  of  the  intervening  medium, 
^Ws  strain  was  illustrated  by  Faraday,  in  the  case  of  magnetism, 
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bj  lofffumag  tbe  itnes  of  Corce  to  be  Bke  stretched  eUstk  tlira^ 
iraifiBg  to  oooirad  md  bcnce  to  poll  ta  the  directioa  of  Ml 
Icnctfa,  and  also  to  be  m^naDj  rcpdfent  in  a  Arectioa  poftt- 
dictilar  to  tbar  length.  Aooiber  glxnce  U  Figs.  348,  349  will 
very  sagfaiire  of  ibis  idcu  It  15  agnvd  to  dcoott  as  tbc  po» 
tive  directioa  of  a  line  of  torn  that  in  which  a  positive  ma) 
pole  tends  to  move.  From  ibis  it  foDovrs  that  tbe  Eaes  of  a  sb^ 
magnet  fmanaie  from  the  positive  pole  of  the  magnet  and  pM 
in  at  the  negative  pole. 

If  a  field  is  sDch  that  tbe  iniensity  ai  all  pmnts  has  the  saiM 
valae  ii  is  said  to  be  a  uniform  field.  Evidently  tbe  lines  of  font 
of  such  a  field  are  paralle]  straight  lines  uniformly  distribotcd. 

562.  Poailieu  of  Poln  in  a  Kacnct.  Tfans  far  we  have  doI 
needed  to  define  very  precisely  the  position  in  a  magnet  of  ifce 
points  called  poles-  In  fad  it  is  evident  from  the  figures  10  )  ;3> 
that  the  magnetic  properties  of  a  magnet  are  not  cmfioed  to  IW 
definite  points.  We  shall  now  for  greater  clearness  define  (be  pMi- 
tion  of  a  pole  in  a  manner  analc^ous  to  that  Dsrd  in  defining  tlK 
center  of  gravity  of  a  body  (g  100).  Suppose  the  magnet  to  l* 
placed  in  a  uniform  magnetic  Geld.  The  effect  of  (be  field  on  ont 
end-portion  of  the  magnet  consists  of  a  system  of  parallel  fotca 
exerted  on  the  parts  of  the  iron.  The  resultant  of  these  loim 
passes  through  a  definite  point  in  the  magnet  which  is  defined  a 
the  position  of  the  pole.  Thus  a  pole  of  a  magnet  is  analc^ons  to 
the  center  of  gravity  of  a  body.  The  analogy  is  in  fact  stiD  ckw*. 
For.  as  we  cannot  define  any  point  as  the  center  of  gravity  of ) 
body  unless  we  assume  the  force  of  gravity  to  be  parallel,  so  « 
cannot  strictly  define  any  point  as  tbe  pole  of  a  magnet,  when  the 
end  of  the  magnetized  bar  is  in  a  field  the  lines  of  force  of  wluH) 
are  not  parallel.  The  distance  apart  of  the  two  poles  of  a  ImJ 
magnet  is  about  0,85  of  the  length  of  the  bar.  but  tl  varies  will' 
the  dimensions  of  the  bar. 

653.  Field  Due  to  a  Unit  Pole.  Evidently  the  Geld  due  to  s 
single  pole  is  represented  by  lines  of  force  radiating  from  ite 
pole.  If,  with  a  unit  pole  as  a  center,  we  draw  a  sphere  of  ow 
ccnlimeter  radius  the  area  of  the  surface  will  be  4«-  sq,  cm. 
As  the  intensitj-  of  the  field  over  this  surface  is  unity,  there  niiiif 
be  one  line  for  each  sq.  cm.  or  417  lines  in  all  radiating  from  iIk 
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nit  pole.  In  general  then  from  any  poic  of  strength  wi,  4irm  lines 
nianale,  and  the  total  flux  through  any  surface  surrounding  ihe 
ole  is  47r  times  the  strength  of  the  magnetic  pole.  (Unless  other- 
rise  stated  the  snrrounding  medium  will  always  be  assumed  to 
«  air.) 

In  the  above  we  have  supposed  lines  of  force  drawn  so  as  to 
'cprcsent  the  intensity  at  unit  distance  from  the  pole.  Do  these 
ame  lines  represent  the  intensity  at  any  other  distance?  To  answer 
:his  suppose  a  sphere  of  radius  r  drawn  with  ihe  pole  as  center. 
The  intensity  at  a  point  on  its  surface  is  m/r*  (§550).  The  flux 
of  the  above  lines  through  it  is  ^rut  and  its  area  is  41^;  hence  the 
number  of  lines  per  unit  area  through  it  is  m/r',  that  is.  equal  nu- 
merically to  the  intensity.  Hence  lines  of  force  drawn  lo  repre- 
sent the  intensity  at  any  point  also  represent  by  their  density  the 
intensity  at  any  other  point  along  iheir  course.  This  can  be  proven 
to  be  true  of  a  lield  due  to  any  distribution  of  magnets. 

554.  Magnetic  Uoment.  If  a  short  bar  magnet  be  placed  in  a 
magnetic  field,  it  tends  to  assume  a  position  with  its  axis  parallel 
to  the  lines  of  force  in  the  field.  In  other  words  when  in  an  oblique 
position,  as  shown  in  Fig.  350,  the  poles  tend  t 
lines  of  force  in  opposite  directions,  and  a 
couple  is  developed  which,  if  the  bar  be  free 
to  turn,  rotates  it  till  its  axis  is  parallel  lo  [he 
field.  In  this  latter  position  the  moment  of 
the  couple  becomes  zero.  If  the  strength  of 
a  pole  be  m,  and  that  of  the  field  be  H,  the 
force  exerted  on  the  pole  is  mH  dynes.  The  i 
position  of  the  magnet  in  which  the  rotating 
couple  is  greatest  is  evidently  perpendicular 
to  the  field.  In  this  position  the  value  of  the 
moment  of  the  couple  is  niHl,  since  each 
pole  has  half  the  length  of  the  magnet  as  Ihe  arm  of  its  moment. 
The  product  ml,  or  the  strength  of  either  pole  multiplied  by  the 
distance  between  ihe  poles  is  called  the  magnclic  moment  M  of 
the  magnet.  If  the  angle  between  the  magnetic  axis  and  the  field 
be  t^,  the  restoring  couple  is  mH-l  sin  ^  or  MH  sin  <^. 

In  the  above  we  have  for  simplicity  defined  magnetic  moment 
the  product  of  pole  strength  and  the  distance  between  the  poles. 


)  move  along  the 
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4^4  EXXCrUCTTT  AND  MAGSETISIC. 

T*£5  5es~3Ga  is.  boverer,  not  qnhe  satisfactory,  since  both  ■ 
xz»i  1  ir?  sooTRai  iodeftniic  ({  552)  and  we  may  now  replace  it 
ry  a  :<c:£r  ooe.  The  aiagncdc  moment  of  a  magnet  equals  the 
occ^ue  r-aT  mzs  oa  ir  when  it  is  placed  in  a  oniform  field  of  nmt 
:  ...^  ^'- ,  2:^  21  rigitt  angles  to  the  lines  of  force.  In  all  practical 
week  it  is  whh  dae  ssagnetic  moment  of  a  magnet  (and  quanti- 
QTttnftf  froc  i:'i  chat  we  haTe  to  do  (§  556)  and  by  the  above 
i  prftcticalhr  get  rid  of  the  consideration  of  pole 
:h  asd  dEscancc  between  the  poles. 

if  IMiMit  a  Mil— f  MflltfifiiUr  HjrpoUnais.  If  a  long 
=  be  diTaded  is  the  KJd£e  and  the  parts  tcited,  it  will  be  found 
z  C3C&  s  X  c^tiigitEc  ■"f— .  the  ends  origiiially  together  at  the  middk 
li-nzy  jge^Bije  pcZaritacs  and  each  cippoaite  to  that  at  the  other  end  of 
mjtgrtn  to  wka^  it  hflongfc  If  now  the  two  pieces  be  again  ad- 
tfc^er.  the  coKlnatica  will  b^are  put  as  before  diriding;  tbe 
:tt<Alre  ;cLes  =  the  sidiSe  nctrtraliang  each  other  as  far  as  any 
3e  e£ect  s  croceraed.  Each  of  the  pieces  due  to  the  first  diTision 
2^2:=  ^  =Aie  x=:o  two  oo=p!iete  magnets,  and  so  on  indefinitdy. 
Frrc  zh^  ve  are  lei  t?  the  idea  that  perhaps  this  sobdirision  might  have 
f'oe  cc  msn  t?  t^  =c>ct£es  ox  the  sdbstance,  and  that  really  each  mole* 
c=Ie  c:  tbe  subset  is  xtsi^f  a  lxtt!e  natnral  magnet.  Thns  it  woold  follow 
i^:.  i=  zr  ~~— i^^crijed  bar.  the  Iinle  molccniar  magnets  would  be  sito- 
xt;fi  with  tbe£r  axes  x=  aH  possible  directions^  so  that  the  resultant  effect 
1:  onr  ;cr=i  wcsisi  ^  zerok  In  the  act  of  magnetixins  such  a  bar,  bov- 
CTvr.  =Li=j  c:  the  zclecslcs  woold  be  forced  to  rotate  so  as  to  present 
their  ^vsitire  pc!«s  all  in  the  same  direction.  This  would  cause  the  cor- 
res^'ziizf  ezi  c:  the  bar  to  be  positiTe  also,  while  the  other  end  would 
be  ze^rive.  0=  the  torego£cg  hypothesis  the  detailed  behavior  of  ma^ 
zes  ca=  be  Siiiisfactcrily  explained.  For  example,  bars  of  both  iron  and 
5:ee!  whe=  f  !ace>i  is  a  s^a^gsetic  field  become  magnets.  This  is  because,  tf 
x!7e>i4y  sta:e^.  a  ca^et  tends  to  place  its  axis  parallel  to  the  lines  of 
force  in  a  Seli.  The  =:c!ecnjes  do  this  both  in  the  case  of  the  iron  and 
o:  the  $teel.  =10 re  eisily  in  the  former.  Wlien  the  bars  are  removed  from 
the  de'.d.  however,  the  ircn  colecnies  swing  back  toward  their  old  position! 
the  bar  losing  thereby  a  part  of  its  magnetism,  while  the  steel  bar  retains 
to  a  great  extent  the  new  arrangement  and  therefore  becomes  a  permanent 
magnec 

S5d.  Measurement  of  MH.  We  have  seen  (§  554)  that  a  magnet  of 
moment  J/  when  placed  in  a  field  of  intensity  H  is  acted  on  by  a  couple 
whose  moment  is  MH  sin  ^.  if  it  makes  an  angle  ^  with  the  direction  of 
the  field.    If  it  be  free  to  swing,  its  angular  acceleration  will  be  (1 82) 

a  = 5 
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of  the  magnet  about  the  i 
•i  be  subitilulcd  io\ 


where  /  is  the  moment 

(S8*).     For  small  angl ..„..  „..,    „   .„„....„ 

the  expression  for  a.  beconiEs  proportUinal  (o  the  ingulM  displBCement.    The 
motion  is  then  harmonic  (1  ii8},  and 


Ihe  sine,  and 


-v~] 


"Vi" 


or     MH^ 


This   lormula   for  the  period  is  identical  with  that  relating  to   the  com- 
pound peniluluni   (I  lan),  in  which  c,  the  intensity  of  the  gravilalion  Reld. 
cotTcipondi  to  H.  Ihe  magnclic  inlensity,  anit  n\h  for  the  pendulum  cor- 
responds to  mi  {^^  M),  the  niflgnelic  niomenl  of  (he  magnet. 
Since,  from  the  above, 

„  _V'l       I 

"-M  -  -n 

fields  of  diffeieat  slrengthi  may  etiily  be  compared  by  determining  7*  In 
each  case  with  the  same  magnet,  the  Tiilue  4ir'//Af  being  conatant. 
We  have  then 


t  of  M/H^-li  the  magnet  used  in  ihe  lasl  section  now  be 
placed  with  its  axis  at  right  angles  to  the  field  H,  its  own  field  at  some  dis- 
tance along  the  axis  will  be  nearly  intiEorni  within  narrow  limits  and  will  be 
perpendicular  to  H.  Let  its  value  be  //'  at  a  point  where  is  suspended  a  very 


I 


I 


•mall  magnet  that  con  rotate  aboul  an  axis  pcfpendiculnr  to  both  fitlds. 
I^ig-  JS'  *>"  show  the  arrangement,  the  small  magnet  having  turnrd  through 
an  angle  ^  till  Ihe  moments  oF  H  and  of  H'  are  balanced.  We  have  then, 
tan  « =  H'/H.  Now  H'  resulia  from  the  eftect  ol  +  m  at  the  distance 
t/a'),  and  of  —  m  at  the  distance  (a  -f  t/i). 
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ty  ss::^  the  same  ippi- 
^^  ^  -rZ.  Ve  ccryjTTt  and 
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\»    ■  X     •'  *-  •■X.  ■    * 


.-  '.ax  1.       J*itl      .~  ^    _-  %  — 


.:«i   :-:-.rr  -v*  ,'ir  ii«  r^ftr  irr  foserred  from  experiment 

l2>£]i:oiiL.  I:  i  riice  cf  any  paramagnetic  sub- 
-.  ■  *■:.-.  :<  ":r:.^r.:  rear  e::her  pole  of  a  magnet. 
-- >.  :  ::  :?!  r-i.-^i  in  a  n:ag:::e:io  field,  it  becomes 
•  ;^-;:  -fc-:"!  :>•;  r«:te<  ar-i  all  the  other  properties 
"'  >  ;-;•::  :r  forh  i  ':ifct  ci  iron  is  called  ''indue- 
X  <.'■:  -r  : .  -J:*  ~>f  :i  :rcn  filings  as  in  Fig.  352. 
-.-;  :.-;  —J.;;  ::  .">ir.i:e  :he:r  direction  and  to  enter 
-,'    -.  -    .-i.-.s-.r*:  :>:irc:r.  a  m-jch  stronger  field  than 


.^» 


v\*.r.v  J,-   *   ^*'"»    ■-•Ti   :a.r   ::   :rr=  7ZiC«d  in  a  uniform  magnetic  field 

Tv  V«  jiTv   ^v-^x  ■.--,'<%:  a:  -::f  r=>i$  aad  t^ese  also  produce  a  magnetic  6ekl 

f«:    :!:>,-  >dr    s  '.cff-^  <r«:.:a5.V  iVtlt  *^««.  x>«m  the  middle  of  the  bar  may 
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be  neglected.  (By  taking  t  ipccimen  in  the  furm  of  a  ring  and  mag- 
ncliied  by  3  helix,  ihe  difficulty  of  free  ends  i>  avoiiled.)  Wc  «h*l]  con- 
sider the  stale  of  things  near  the  middle  of  the  bar. 


FIO.  3J». 

Suppose  the  intensity  of  Ihe  field,  assumed  1 
of  the  iron,  was  H.  and  that  through  the  iron  I 
creased  to  a  value  B.  then  B  ~  nH,  in  which 
duclion.  and  n  the  fermcibitily.  Let  us  now 
to  be  made  across  the  middle  of  the  bar.  On 
live  pole  will  appear  and  on  Ihe  other 
side  a  negative  pole.  If  m  he  thi 
strength  of  each  of  these  poles  and  i 
its  cross-section,  then  the 
a  is  called  the  inlttttily 
lion,  or  U  —  m/a.  The  ratio  of  /«  to 
H  in  railed  the  magnelic  uticeplibility 
and  is  Kenerally  denoted  by  k.  We 
have  seen   also  that  the   Qui  emanating   from 


niform  before  Ihe  preMiiee 
ic  Hui  density  ban  been  in- 
'  is  called  the  magnrlic  in- 
luppose  a  very  narrow  cut 
}ne  side  of  Ihe  cut  *  po*l- 


> 


through 

original  field  and  4* 


ward    towards    . 
ice  by  definitioi 


ncRative  puie.  The  total  flux 
'0  parti,  vis,,  fla  due  lu  Ihe 
induced  magnetism  in  the  bar, 
B  —  ♦/!(.  it   follows  that 


B  —  H  -f  A-r'm 


s  then  the  increase  in  Ihe  induction  due 

(Strictly  speaking  the  lines  of  force  H  in  air  gi 

in  air  but  the  two  sets  of  lines  are  equal  in  numl 

taken  as  unity.)     Since  /»  =  itH,  and  ff  = /ih 

^_{Im  above  formula. 
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Sirorse  i  zmcc  :f  r?KnriI  ircn  to  be  pbc«d 

:f  xir:   =iri«-Dr  rr:i=:5irr  5C-  thit  H  =  o  and  let  H 

rr*23e  ri==i=^  thercij  =ifTDCtiridoii  cf  the  iron,  and 

^Ij  ircr*i5£=L^  Tilzes  ci  B.    It  has  been  found  by 

±it  tbe  rurre  represectiiig  the  relation  of  //  to  B  is 

IP.  rlz-  32>    Let  H  now  graduailv  be  brought  back 

is   fc<ir.<I   that   the   return   BH  curve  is   not  at  all 

OP,  and  that  B  docs  not  return  to  zero.    This 


Fic.  35$. 


ans,  of  course,  thai  :::e  :r:::  -iyj^  :. ::  [,:':  c,\\  :*>  n'.a^.ttisni.  even 
nigii  the  magnetizing  field  has  been  brought  back  to  zero.    The 
dnction  is  now  equal  to  B.  and  is 
presented  by  Oh^  on  the  diagram. 
\   is    called   the   reteniiviiy  of   the 
oeciinea.      In    order    completely    to 
emagnctize  the  iron  or  bring  B  back 
o    sero,    H    must    be    reversed    in 
lirection  and  attain  a  certain  nega- 
.ivc  value,  H„  represented  by  — O/i,. 
If  now  the  negative  magnetizing  field 
be    increased   so   that   its   numerical 
value   is  equal  to  — H  and   repre- 
sented by  — Oh,  the  induction  will 
liave  the  value  — B  and  be  repre- 
sented by  — Oh,     A  reversal  again 
of  the  magnetizing  field  bringing  it  back  to  zero  brings  the  in- 
dSuction  back  to  a  value  — B,  represented  by  — Oh^  and  if  the 
field  continue  to  increase  to  Oh^  and  to  Oh^  the  induction  will  in- 
crease first  to  zero  and  finally  to  B,  represented  by  O^  as  before. 
The  field  intensity  represented  by  — OA,  is  called  the  coercivity 
of  the  iron.     In  hard  steel  its  value  is  of  the  order  of  magni- 
tude  of   lOO  C.   G.   S.   units;   in   soft   steel   it   is   about  a   fifth 
as  great,  and  in  soft  iron  it  may  be  less  than  2  units.     Since 
for  decreasing  values  of  H  the  value  of  B  is  always  greater 
than   for   the  same   value  of  H  when   the  latter   is   increasing. 
B  always  lags  behind  H  in  its  variation.    This  phenomenon  is 
called  hysteresis  by  Ewing  who  did  much  valuable  work  in  this 
subject    In  many  forms  of  electromagnetic  machinery  the  rapid 
magnetization  in  alternate  directions  is  an  essential  feature  of  its 
operation.     Such  reversals  are  always  accompanied  by  a  produc- 
tion of  heat,  that  is,  by  a  dissipation  of  useful  energy.    For  this 
reason  an  accurate  knowledge  of  the  hysteresis  properties  of  all 
the  iron  and  steel  used  in  the  construction  of  such  machinery  is 
most  important    The  hysteresis  cycle  is  the  broader  the  greater 
the  coercivity. 


660.  Bnergy  BetotJOPS.     It  may  be   shown   that  the  formula   for   the 
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work  done  in  magnetizing  a  rod  of  magnetic  material  Is 


Air  J 


IV  =  —  I  HdB 

4r 

in  which  a  is  the  cross-section  and  /  the  length  of  the  bar  made  great 
enough  that  the  effect  of  the  poles  on  the  value  of  H  may  be  neglected. 
If  the  specimen  is  in  the  form  of  a  ring  there  will  be  no  free  poles  and  I 
may  be  taken  as  the  mean  circumference.  This  integral  evidently  equals 
the  area  of  the  diagram  (allowance  being  made  for  the  scale  of  draw- 
ing) ;  and  for  a  complete  cycle  the  integral  therefore  equals  the  area, 
A,  of  the  hysteresis  loop.  Hence,  since  la  is  the  volume  of  the  specimen, 
the  heat  produced  per  cycle  is  A/^w  expressed  in  mechanical  units  (i.  /., 
in  ergs  if  H  and  B  are  in  absolute  units). 
A  proof  of  this  formula  may  be  found  in  technical  books  on  the  subject. 

TERRESTRIAL  MAGNETISM. 

661.  The  Earth's  Field.  We  have  seen  that  in  a  magnetic  field 
a  small  suspended  magnet  will  set  its  axis  parallel  to  the  lines  of 
force,  and,  since  the  very  first  observers  of  magnetic  properties 
noted  that  a  freely  suspended  bar  places  itself  nearly  north  and 
south,  it  follows  that  a  magnetic  field  must  surround  the  earth. 
The  directive  influence  of  this  field  on  a  magnetic  needle  was 
known  by  the  Chinese  nearly  three  thousand  years  ago  and,  accord- 
ing to  Humboldt,  they  used  a  floating  magnetized  needle  for  the 
purpose  of  navigating  the  Indian  Ocean  as  early  as  the  third  or 
fourth  century.  In  the  more  modern  mariner's  compass  a  circular 
card,  graduated  on  the  edge  into  32  equal  parts  called  points,  is 
fastened  to  the  needle  and  rotates  with  it,  the  magnetic  axis  of  the 
needle  passing  through  the  center  of  the  card  and  through  a  pair  of 
opposite  points  marked  N  and  S.  The  relative  position  of  the 
needle  and  the  direction  in  which  the  bow  of  a  boat  points  at  any 
time  may  be  readily  observed.  In  order  that  the  instrument  may 
remain  as  nearly  as  possible  in  a  horizontal  position  during  the 
rocking  or  pitching  of  the  ship,  it  is  mounted  on  two  sets  of 
knife-edges  at  right  angles  to  each  other. 

662.  The  Magnetic  Elements.  The  detailed  survey  of  the  earth, 
to  gain  a  more  accurate  and  a  more  extended  knowledge  of  its 
magnetic  properties  and  the  variation  of  them,  has  gradually  be- 
come a  very  important  work  which  is  now  carried  on  by  nearly 


TI£K8£srRlAL   MAGNETISM, 


all  civilized  governments.  A  complete  statement  of  these  proper- 
ties at  any  location  consists  in  specifying  three  distinct  quantities. 
\'n.  the  dip,  or  tHcIinalion.  the  declination,  and  t!ie  inlcttsity.  The 
first  two  determine  the  direction  of  the  field,  and  Ihc  last  quantity 
is  its  strength  in  dynes  per  unit  pole  strength. 

&63.  The  Dip.  It  has  been  assumed  in  what  has  gone  before 
that  the  earth's  field  is  horizontal.  To  test  this,  select  a  long 
thin  unmagnetized  steel  bar  and  carefully 
poise  it  so  that  it  swings  freely  in  any 
plane  and  in  any  azimuth,  but  mounted  with 
its  center  of  gravity  as  nearly  as  possible 
at  the  point  of  support.  Thus  the  needle 
will  be  in  a  position  of  nearly  neutral 
equilibrium.  Let  the  bar  now  be  strongly 
magnetized  and  returned  to  its  former 
place.  It  will  then  be  found  that  the  bar 
no  longer  hangs  in  an  indifferent  position, 
but  that  the  positive  pole  is  depressed  in 
the  northern  hemisphere  causing  the  axis  '''°'  ^'*'' 

to  be  inclined  to  the  horizontal,  the  angle 

of  iHclinalion  or  dip  as  it  is  called  being  dependent  on  the 
lalilude.  In  the  neighlwrhood  of  Washington,  D.  C,  at  the  pres- 
ent time,  the  dip  is  about  70°.  Obviously  the  direction  of  the  dip- 
ping needle  at  any  place  is  the  same  as  that  of  the  earth's  field. 

564.  The  Declination.  Upon  careful  observation  it  is  noted  that 
the  compass  needle  does  not  in  general  point  due  north.  1.  e.,  that 
the  vertical  plane  through  its  axis  does  not  in  general  coincide 
with  the  plane  of  the  geographical  meridian  through  the  place. 
The  angle  between  these  two  planes  is  called  the  declination  at  the 
place.    That  at  Washington  is  now  about  4.5°  west. 

565.  The  Intensity.  The  intensity  /  of  the  earth's  field  at 
any  point  is  measured  like  that  of  any  other  field,  namely  by 
the  force  in  dynes  acting  on  a  unit  pole.  For  many  pur- 
poses it  is  useful  to  refer  the  total  magnetic  intensity  to  two 
components,  a  horizontal  and  a  vertical  one.  Thus  in  Fig.  357  if 
Ot  represent  in  magnitude  and  direction  the  total  intensity.  Oh 

1  Ov,  the  sides  of  the  rectangle  of  which  Ot  is  the  diagonal, 
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will  represent  the  horizontal  component  ff,  and  the  vertical  com- 
ponent V  respectively,  8  beings  the  angle 

V 


of  dip.    Obviously  the  following^  three  rela- 
tions exist, 


Fig.  357. 


y  =  cos8;     —  =  sm8;     ->^==tan8 


/  at  Washington  is  now  about  0.6  dynes 
per  unit  pole,  and  H  is  about  0.2  dynes  per 
unit  pole.  H  can  be  measured  very  accu- 
rately by  the  method  given  in  §  556,  and  as 
8  can  easily  be  observed  by  means  of  a  dip 
circle,  V  and  /  can  be  calculated.  For  the  more  refined  methods 
of  measuring  the  magnetic  elements  technical  works  on  the  sub- 
ject should  be  consulted. 

666.  Magnetic  Charts.  For  navigation  and  geodetic  surveys,  it 
is  clearly  of  the  greatest  importance  that  the  magnetic  elements 
be  accurately  known  all  over  the  surface  of  the  globe,  and.  for 
convenient  references,  charts  of  the  values  at  different  points 
have  been  prepared.  If  on  a  map  a  line  be  drawn  through  all 
points  at  which  the  dip  has  any  fixed  value,  say  70°,  and  the  same 
be  done  for  other  dip  values,  a  system  of  lines  will  be  developed 
analogous  to  the  parallels  of  latitude.  These  lines  are  called  iso- 
clinic  lines,  or  lines  of  equal  inclination.  Critical  surveys  of  the 
dip  show  that  as  one  goes  further  north  the  dip  in  general  gets 
greater  and  that  there  is  a  point  at  which  the  dip  is  90®  and  the 
needle  is  vertical.  Such  a  point  is  called  a  magnetic  pole  of  the 
earth. 

This  north  magnetic  pole  has  been  from  time  to  time  located  more  or 
less  exactly  and  is  in  the  extreme  northern  part  of  North  America.  lo 
1838  Gauss,  from  the  approximate  observations  of  explorers,  calculated 
its  location  to  be  73®  35'  N.  latitude  and  95®  39'  W.  longitude.  It  was 
reached  by  Amundsen  in  1907  and  found  to  be  at  75®  5'  N.  latitude  and 
96°  47'  W.  longitude.  There  is  a  corresponding  south  magnetic  pole  which 
Gauss  located  by  calculation  at  latitude  72**  35'  S.,  and  longitude  150°  10' 
E.  This  pole  has  never  been  reached  though  Ross  in  1841  arrived  at  a 
point  which  he  calculated  to  be  about  256  kilometers  distant.  These  poles 
are  not  stationary  though  their  changes  of  position  are  very  slow.  The 
ijjie  through  points  of  no  dip  la  called  the  magnetic  equator. 
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Lines  of  equal  declination  have  the  same  general  arrangement 
as  the  geographical  meridians  and  are  called  isogonic  lines.  Tbejr 
evidently  converge  at  the  magnetic  poles.  The  tsc^onic  of  zero 
declination  is  known  as  an  agonic  line.  Fig.  338  shows  the  isogonic 
lines  for  the  United  States  in  1900  as  determined  by  the  work  of 


the  Coast  and  Geodetic  Survey.  Each  of  these  lines  is  drawn 
from  observations  at  stations  many  miles  apart  and  hence  give 
only  the  general  course  of  the  true  curves.  When  the  curves  »« 
drawn  from  observations  at  stations  close  together  they  are  found 
to  be  much  more  irregular.  This  is  well  shown  by  the  chart 
(Fig.  359)  for  Missouri  in  1890  drawn  from  work  by  Professor 
Francis  E.  Nipher  of  St.  Louis,  This,  however,  is  a  somewhal 
extreme  case. 

G67.  Vuiations  of  Magnetic  Elements.  Continuous  records  of  tbcsc 
quantities  at  various  stations  have  been  kept  for  many  rears  and  these  tkiw 
that  the  magnetic  elements  at  any  one  place  are  far  from  constant;  lk*l 
the  law  of  variation  is  quite  complicated ;  but  tbat  the  chuiKCS  are  prolog 
due  10  several  different  varying  influences  each  of  which  is  more  or  la> 
periodic  In  the  case  o*f  a  change  of  long;  period  consuming  many  yean  to 
complete  the  cycle,  the  chatige  is  called  the  wcnlar  TUlfttlOIi.  Bcndo 
this  there  are  two  other  periodic  changes  called  respectively  the  dUBd 
and  the  annual  variations.  The  former  seems  to  depend  on  the  ealtl^ 
rotation  and  was  discoveied  in  declination  by  Graham  in  1731,  while  Ike 
annual  variation  was  observed  by  Cassini  in  1S70.  Irregular  variationt  it 
the   magnetic   elements   someiimes   take   place   and   arc   called  naff^ 
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^f  068,  Continnona  Antomatic  Records.    The  various  magnetic  ele- 
ments, especially  tlic  declinalion,  may  be  conliimously  recorded  by 
attaching  to   the    freely  suspended   magnet  a   light  mirror    from 
which  is  reflected  a  narrow  beam  of  light.     This  is  directed  upon 
a   moving  strip   of  photographic   paper  the   motion  of  which   is 
perpendicular  to  that  of  the  magnet.     The  axis  of  time  is  thus 
along  the  paper  and  that  of  magnetic  deflections  is  perpendicular 
to  this.     The  result  is  an  irregular  curve,  the  ordinates  of  which 
measure  the  deflection  of  the  magnet  at  any  instant  of  time  as 
located    on    the   time    axis.     This    recording   instrument   may   be 
arranged  for  either  the  declination  or  for  the  dip.     The  photo- 
graphic paper  is  usually  rolled  around  a  cylinder  which  is  ro- 
tated uniformly  by  clockwork.     Fig.  360  shows  a  record  of  an 

jtceptionally  violent  magnetic  storm  at  K 

ngiiafiord  in   1882.                       J 
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(pTO.  ITtoitiiii  ithiiL     It  seems  to  haTe  been  known  among  the 
Greeks  in  tiie  time  of  Tliales  (600  B.  C)  diat  amber  when  nd)bed 
acquires  the  property  of  attractinf^  Hgfat  bodies,  such  as  bits  of 
paper.    The  Greek  word  for  amber  is    ^lexrpw^    and  so  when 
Gilbert  many  centuries  later  (1600)  stndied  the  subject  more  in 
detail,  he  gave  the  name  electrificaiion  to  the  property  imparted  by 
nibbing  not  only  to  amber  but,  as  be  found,  to  many  other  sub- 
stances as  well,  such  as  sulphur,  glass,  resin,  and  the  like.    He 
thought  that  the  metals  and  some  other  substances  could  not  be 
electrified,  and  he  called  them  anelecirics.    It  was  later  discovered 
by  Gray,  in  1729,  that  the  true  reason  for  this  was  because  the 
metals  are  conductors  of  the  electrification,  and  the  latter  was, 
therefore,  led  away  to  the  earth  and  lost    All  substances,  there- 
fore, may  be  divided  into  two  classes,  oonducioxB  and  non-coa- 
dnctors  or  hisolaton,  but  we  shall  see  that  there  is  no  sharp 
dividing  line,  the  two  groups  merging  into  each  other  by  im- 
perceptible degrees  if  arranged  in  proper  order.    Nevertheless,  as 
a  class,  certain  materials  like  the  metals  are  called  good  conductors, 
because  they  possess  this  quality  in  a  marked  degree,  while  other 
materials,  as  amber,  sulphur,  rubber,  and  glass,  are  called  good 
insulators,  because  they  conduct  so  very  badly. 

671.  Electricity.  Since  the  phenomena  just  described  cannot 
be  explained  by  reference  to  any  other  known  property  of  matter, 
it  has  been  generally  agreed  to  assume  the  existence  of  something 
which  is  called  electricity.  On  this  hypothesis  bodies  which  have 
been  electrified  are  said  to  have  acquired  a  charge  of  electricity, 
or  more  simply  they  are  said  to  be  charged.  While  it  cannot  be 
said  at  the  present  time  that  we  know  what  electricity  is,  or  its 
ultimate  nature,  or  its  relation  to  forms  of  gross  matter,  yet  much 
has  been  done  during  the  past  decade  towards  solving  all  of  these 
problems.  This  subject  will  be  discussed  more  in  detail  in  the 
sections  devoted  to  "Radioactivity." 
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w  nation  of  Two  Kinds.     This  was  noted  by  DuFay 
stick  of  resin  be  rubbed  with  fur  or  flannel  and 
^  light  gilded  pithball  hung  by  a  silk  thread,  the 
attracted.     If  it  be  allowed  to  come  in  contact  with 
^ion   will  immediately  take  place.    If  now  a  glass 
^th  silk  and  approached  to  the  pithball,  the  latter 
-ted.     In  other  words  the  glass  and   the   resin  act 
'tlie  same  pithball.    They  must,  then,  be  in  different 
es,  «.  e.,  there  must  be  two  kinds  of  electrification, 
•ation  of  glass  DuFay  called  ▼itraons,  and  that  of 
called  rasinoiis.     It  was  noticed,  however,  by  Canton 
the  rubbing  body  has  as  much  to  do  with  the  result 
rubbed.     For  example,  if  the  glass  be  rubbed  with 
•f\,  it  will  be  resinously  charged  and  will  repel  the 
:  it  attracted  when  rubbed  with  silk     Again  if  the 
rubbed  with  guncotton,  it  will  be  vitreously  charged 
rract  the  pithball   it  repelled   when   rubbed  with  fur 
In  1749  Franklin  substituted  the  terms  podtiTa  and 
[>ectively  for  vitreous  and  resinous,  and  in  1757  Wilke 
e  names  of  a  number  of  substances  in  a  series  in 
er  that  each  is  positive  when  rubbed  with  any  that 
le  following  is  a  convenient  series  for  reference. 

5.  Glass.  9.  Wood.  13.  Resin. 

6.  Cotton.  10.  Metals.  14.  Sulphur. 

7*  Silk.  II.  Caoutchouc.        15.  Gutta  percha. 

8.  The  hand.  12.  Sealing  wax.      16.  Guncotton. 

seen  that  most  substances  may  be  made  either  positive 

at  will   by  properly  choosing  the  associated  body; 

s  positive  if  rubbed  with  silk  but  negative  if  rubbed 

»y'»  Law.  Referring  to  the  experiments  on  attraction 
n  described  above,  it  is  to  be  noted  that  after  coming 
vith  the  resin  rod  the  pithball  was  repelled.  If  the 
ment  be  repeated  with  a  glass  rod  rubbed  with  silk 

pithball,  the  latter  will  also  be  repelled  by  the  glass, 
ivo  balls  be  brought  near  each  other,  they  will  strongl- 

other.    Moreover  the  glass  rod  will  allt^cl  \Vvt  ^ 
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that  is  repelled  by  the  resin  and  vtcf  versa.  These  phenoami 
are  consistently  classi6ed  by  supposing  that,  at  first,  the  andnq*' 
ball,  coining  in  contact  with  the  rod  altraciing  it.  acquires  a  (huit 
like  that  on  the  rod,  and  that  subsequent  repulsion  is  doe  to  lit 
fact  that  like  kiniU  of  electrification  cause  mutual  refmlsien  of  dc 
bodies  charged.  Again,  since  the  two  attracting  pithbalts  mn* 
be  oppositely  charged,  we  are  led  to  the  conclusion  that  lufi 
elfclrificalions  cause  mutual  attraction.  Tliis  gcnei^Iization  m 
first  announced  by  DuFay. 

574.  Mechanism  of  the  Process.  In  all  cases  of  electrificatiai 
thus  far  considered,  the  act  has  been  described  as  one  of  rubbiii{L 
and,  from  this  idea  that  rubbing  or  friction  was  an  essential  (eatoK 
of  the  process,  the  term  friclional  electricity  was  for  many  yesn 
used.  As  a  matter  of  fact,  however,  friction  is  only  an  acridwl 
and  is  detrimental  rather  than  beneficial  to  the  desired  reinlL 
The  latter  depends  on  the  contact  and  subsequent  separation 
the  bodies  composed  of  two  different  substances,  or.  as  is  sorat 
times  the  case,  even  of  the  same  substance  in  different  physic*! 
states.  Thus  if  a  strip  of  white  ribbon  and  one  of  black  ribban 
be  drawn  together  between  the  dry  fingers,  the  white  piece  wiD 
be  positively  and  the  black  negatively  charged.  As  more  poinu 
can  be  brought  into  contact  and  separated  by  nibbing  than  by  any 
other  simple  act.  this  came  to  he  the  method  employed. 

If  the  bodies  used  be  non-conductors  the  charge  stays  where  il 
is  developed  and  is  even  accumulated  by  multiple  rubbings.  If 
however  they  be  conductors,  the  two  opposite  charges  flow  togethw 
at  points  which  are  last  to  separate  and  the  bodies  are  thus  dis- 
charged. For  this  reason  it  was  at  first  thought  that  only  sKb 
substances  as  glass,  resin,  rubber,  etc.,  could  be  charged.  Since, 
however,  a  long  metal  wire  or  other  conductor  if  insulated  may  I* 
charged  at  one  end  and  exhibit  the  usual  phenomena  of  eleclrifiu- 
tion  at  the  distant  end  no  matter  how  remote,  and  since  investi|a- 
lion  has  shown  that  the  acl  of  transferring  the  charge  along  tht 
conductor  is  attended  by  interesting  and  important  phenomeni 
both  within  and  without  the  conductor,  the  subject  of  electricilj' 
is  divided  into  two  parts,  electroslatics,  dealing  with  charges  »t 
rest  or  in  equilibrium,  and  electro-kinetics  dealing  with  charp* 
in  motion.  For  the  present  we  shall  concern  ourselves  wifli  d*^ 
trostalics  only. 


ELECTRIC    FORCE. 

1 676.  Conlomli's  Lav.  Coulomb  in  1784  first  investigated  the 
of  force  between  electric  charges.  He  demon  si  rated,  wilh 
bisiderable  accuracy,  that  the  force  exerted  between  charged 
it  a  distance  is  directly  proportional  to  the  product  of  the 
kounts  of  charge  and  inversely  proportional  to  the  square  of 
:  distance  between  them.  For  the  charged  bodies  very  small 
Inducting  spheres  are  necessary,  in  order  that  the  size  of  the 
idies  may  be  small  as  compared  with  the  distance  between  them. 
case  the  distribution  of  the  charge  on  either  body  will  not 
i  appreciably  affected  by  the  charge  on  the  other.  If  two  such 
Ball  spheres  be  charged  with  quantities  e  and  e'  of  electricity  and 
iced  at  a  distance,  r,  apart,  the  force  exerted  between  them  in  air 
r  usual  conditions  will  be  expressed  by 


1  th^  same  agreement  as  to  signs  as  in  §  550,  Since  the  actual 
^ce  depends  on  the  separating  medium,  a  constant,  known  as  the 
felectric  constant,  must  be  inserted.  This  does  not  vary  for  any 
;  medium  and  is  independent  of  the  charge  and  of  the  distance. 
Fhe  general  expression  then  becomes 

k  having  a  value  of  unity  for  air.  From  these  relations  the  unit 
charge  may  easily  be  defined.  It  is  that  quantity  which  would 
exert  upon  an  equal  quantity  a  centimeter  distant  in  air  a  force 
of  one  dyne.  This  is  known  as  the  0.  G.  8.  electrostatic  unit 
quantltr  of  electricity. 

676.  Energy  Relations.     Since  th«  forces  of  attraction  and  re- 
pulsion resulting  from  electric  charges  cause  masses  to  start  from 
rest  and  acquire  considerable  speed,  or  even  to  raise  themselves 
n  opposition  to  their  weights,  electrification  implies  energy.    This 
I  energy,  assuming  the  principle  of  the  conservation  of  energy  {§ 
1 318),  must  be  acquired  by  the  bodies  in  the  process  of  electriSca- 
I  tion.    Further  investigation  has  shown  thai  this  energy  is  conferred 
I  Upon  the  system,  composed  of  the  two  bodies  rubbed  and  the  me- 
1  between  them,  in  the  act  of  separating  the  bodies  oppositely 
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charged  and  therefore  mutually  attractive.  It  is  much  as  il  ihe 
bodies  were  joined  by  fine  rubber  threads,  which  would  itumn 
work  to  be  done  in  stretching  them,  and  which  would  lend  to  dria 
the  bodies  together  again  if  separated.  The  medium  between  the 
bodies  is,  therefore,  the  seat  of  the  energy  and  we  define  an  eUctnc 
field  as  the  space  surrounding  a  charged  body,  just  as  in  the  case  oi 
the  magnetic  field  about  a  magnet. 

577.  Electric  Field.  The  intensity  at  any  point  of  aD  decttic 
field  is  defined  as  the  force  exerted  by  the  field  on  a  body  carryings 
unit  charge  and  placed  at  that  point,  .^s  in  the  case  of  a  magnetic 
field,  we  represent  an  electric  field  by  lines  of  foiC«  so  distributed, 
that  the  intensity  of  the  field  is  proportional  to  the  number  of  liow 
per  square  centimeter  of  a  surface  perpendicular  to  the  field,  (in 
the  case  of  an  electric  field  the  lines  are,  for  certain  reasons,  so 
chosen  that  the  number  per  cm',  equals  the  intensity  divided 
by  4v.)  The  positive  direction  of  a  line  of  force  is  that  in  which 
a  small  body  would  lend  to  move,  if  positively  charged  and  placed 
there.  It  is  clear  that  a  negative  charge  would  lend  to  raoTC 
in  the  opposite  direction.  When  a  field  is  caused  by  two  op- 
posite and  separated  charges  the  lines  of  force  start  at  points 
of  the  positive  charge  and  end  at  corresponding  points  on 
the  negative  charge.  The  arrangements  of 
the  lines  in  electric  fields  are  shown  in 
several  specific  cases  by  the  accompanying 
diagrams.  Fig.  361  represents  the  field  gen- 
crated  by  a  single  positive  charge  concentrated 
very  nearly  lo  a  point.  The  lines  of  forct 
are  straight  radial  lines  emanating  from  the 
charge.  Fig.  362  shows  the  arrangement  when 
two  equal  unlike  charges  are  located  at  two 
near  points;  while  Fig.  363  shows  the  result  of  the  action  of  two 
equal  like  charges.  No  two  lines  can  cross  for  then  a  charge 
placed  at  the  point  of  meeting  would  tend  to  move  in  two  direc- 
tions at  the  same  time.  Examination  of  the  figures  will  sug- 
gest what  Faraday  first  called  attention  to,  viz..  that  the  interven- 
ing medium  plays  a  very  important  part  in  the  phenomena  of  elec- 
trification. To  this  medium  he  gave  the  name,  dielectric.  In  an 
electric  field  Faraday  pictured  the  lines  of  force  as  tending  to  become 
shorter  like  stretched  elastic  threads  and  also  mutually  repelh 


a  direction  perpendicular  to  their  lengths.     Electricity  having  been 
defined  as  the  agent  to  which  is  due  all  the  phenomena  of  electri- 


fication, it  may  be  said  that  the  latter  is  to  be  viewed  as  a  stale 
of  dielectric  strain  brought  about  by  the  forcible  separation  of 
two  bodies  oppositely  charged. 

678.  Electric  Convection.  If  a  light  conducting  ball  suspended 
by  a  silk  thread  be  brought  between  two  oppositely  charged  sur- 
faces. Fig.  364.  it  will  he  attracted  towards  the  one  it  happens  for 
the  moment  to  be  nearer.  On  coming  in  contact  with  that  sur- 
face, it  acquires  a  part  of  the  latter's  charge  by 

conduction  and  is  therefore  immediately  repelled. 
Since  now  it  is  also  attracted  by  the  charge  on 
the  other  surface,  it  will  quickly  come  in  contact 
with  it,  have  its  own  charge  reversed  and  be 
again  repelled.  The  little  ball  will  thus  vibrate 
back  and  forth  between  the  two  charges,  gradu- 
ally discharging  both  bodies.  This  kind  of  actual 
transfer  of  electricity  by  the  motion  of  a  charged 
carrier  is  called  electrical  coni'ectton.  Frankhn 
arranged  a  set  of  bells  in  pairs,  one  of  each  pair 
being  connected  with  his  lightning  rod  and  the 
other  to  the  ground.  Between  the  bells  of  each  pair  a  vibrating 
metal  ball  was  suspended.  On  the  approach  of  a  thunder  storm 
the  bells  would  become  charged  and  ring,  owing  to  the  action 
above  described. 

ELECTRICAL  POTENTIAL. 

679.  Potential  Analogies.  Analogous  relations  in  the  various 
departments  of  physics  are  extremely  useful  and  in  the  study  of 
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clcclrkal  polenlial  we  can  derive  much  assistance  by  coraparing 
I      it  with  the  analogous  quantities  in  hydrostatics,  in  aerostatics,  and 
i      in  heat.     Liquids  for  example  naturally  flow  from  places  of  higher 
j     to  those  of  lower  In'cl  and  difference  of  level  in  hydrostatics  il 
analogous  to  difference  of  potential  in  electrostatics.     Again  if  ■ 
gas  be  pumped  into  a  receptacle  the  pressure  increases  coutinuoiislir 
up  to  the  point  when  the  vessel  either  bursts  or  leaks.     So,  when 
a  conductor  is  charged  with  a  larger  and  larger  quantity  of  elte- 
Iricity,   the  potential  rises   continuously   till  the  strength  of  lie 
surrounding  dielectric  medium  is  overtaxed  and  a  leak  takes  place 
consisting  of  a  brush  discharge,  as  it  is  called,  or  perhaps  Iht 
!      dielectric  gives  way  all  of  a  sudden  at  some  point  and  a  disruftivt 
I      discharge  or  spark  lakes  place.     In  either  case  a  part  of  the  chai^ 
escapes  to  a  place  of  lower  potential,  and  the  potential  of  the  con- 
ductor is  lowered  to  the  point  at  which  the  dielectric  is  strong 
I      enough  to  hold  the  charge  on  ihe  conductor.     Similariy  heat  flows 
from  places  at  higher  temperature  to  those  at  lower  temperature, 
and  here  temperature  is  the  analogue  of  electric  potential. 

Further,  just  as  the  sea-level  is  arbitrarily  taken  in  practice  as 
the  zero  of  gravitation  level  for  convenience  of  reference,  so  the 
earth  as  a  whole,  being  an  enormous  conductor,  is  conveniently 
referred  to  as  being  at  zero  electrical  potential.  Any  conductor. 
therefore,  joined  to  the  earth  by  a  mre  or  other  conducting  means, 
has  its  potential  reduced  to  zero. 

680.  Electrlc&l  Potential  may  be  defined  as  the  candilion  al 
a  point  in  space  which  determines  the  direction  iii  which  an 
electrified  body  placed  at  that  point  will  tend  to  move.  The 
magnitude  of  the  potential  at  any  point  is  numerically  equal 
to  the  work  necessary  to  move  a  unit  quantity  of  positive 
electricity  from  infinity  to  the  point  in  question  against  the 
forces  of  all  the  electricity  In  existence.  A  unit  charge,  tlicn, 
placed  at  such  a  point  would  possess  potential  energy,  which 
would  tend  to  diminish  by  the  moving  of  the  charge  to  another 
point   at  which   the  potential  is   of  less  value.     In  other  words 

L   positive  charges  tend  to  move    from   points  of  higher   to  those 
'of  lower  potential,  and  the  resultant  force  at  any  point  is  in  the 
Kin  which  the  potential  diminishes  most  rapidly.     From 
ition  of  potential,  it  follows  that  the  difference  of  potej^^ 


I 


tial  belween  two  points  is  numerically  equal  lo  the  work  necessary 
to  convey  unit  positive  charge  from  the  point  at  the  lower  poten- 
tial lo  [hat  at  the  higher.  Therefore  a  C.  G.  S.  tmit  potential 
difFerence  exists  between  two  points,  when  an  erg  of  work  is  re- 
quired to  cairy  a  unit  positive  charge  from  the  lower  to  the  higher 
potential.  From  this  we  reason  at  once  that  if  F  represent  the 
constant  potential  difference  between  two  points,  and  if  Q  be  the 
charge  conveyed,  the  work  done  will  be  expressed  by  the  equation 
W  =  QV.  This  assumes  that  the  movement  of  Q  docs  not  appre- 
ciably change  the  rest  of  ihe  electrical  distribution. 

581.  Eqnipotential  Surfaces.  Suppose  a' unit  positive  charge  con- 
centrated at  a  point.  A.  Fig.  365.  and  isolated  from  the  influence  of 
all  other  electricity.  Lines  of  force  emanate 
from  it  radially  in  all  directions.  About  A  in 
every  direction  there  are  evidently  points  at 
stich  a  distance  as  to  require  an  erg  of  work 
to  move  a  unit  positive  charge  from  each  up 
to  A  against  the  repulsion  of  the  charge  placed 
there.  These  points,  being  all  at  the  same 
distance  from  ^,  must  lie  on  the  surface  of  a 
sphere  with  A  as  center.  In  other  words  the 
potential  difference  between  A  and  every  point  of  the  spherical 
surface  described  will  be  unity.  Again,  a  second  spherical  surface 
outside  the  first  may  be  drawn  all  over  which  the  potential  will  be 
two  units  different  from  that  at  A^  Such  surfaces  as  these  are 
called  equif'olenlial  turfaces.  la  the  simple  case  supposed  for 
illustration  the  system  consists  of  a  scries  of  concentric  spherical 
surfaces,  at  such  a  distance  apart  as  to  require  an  erg  of  work 
to  be  done  on  a  unit  positive  charge,  in  order  to  convey  it  from  any 
one  to  the  next.  Such  a  series  of  spheres  is  shown  in  the  figure. 
In  general  the  actual  distributions  of  electricity  lo  which  the  field 
is  due  arc  not  nearly  so  simple,  and  the  systems  of  equipotential 
surfaces  resulting  may  be  quite  complicated.  Since  at  all  points 
of  an  equipotential  surface  the  numerical  value  of  the  potential 
is  the  same,  no  work  is  required  to  move  a  charge  along  the  sur- 
face; but  in  a  field  of  force  the  onljr  direction  in  which  a  charge 
can  be  mored  wilhont  work  is  perpendicular  to  the  lines  of  io 
These    therefore   at   every    point    munt   be   perpendicular   to 
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cquipotentiat  surfaces.  No  two  such  surfaces  of  the  same  systen 
can  intersect;  if  they  could,  at  the  points  common  to  both  wc 
should  have  two  different  potential  values  at  the  same  time — m 
impossibility.  Again,  in  alt  cases  the  work  required  to  r 
charge  from  arty  point  of  one  equipotential  surface  to  any  point  of 
another  is  quite  independent  of  the  path  along  which  the  n 
takes  place.  This  is  obvious  if  one  considers  that  in  passing  tn 
an  oblique  path  from  one  surface  to  another,  while  the  distance 
is  longer  the  force  is  less  in  the  same  ratio;  therefore  the  prodnct 
of  the  two,  or  the  work  done,  is  constant. 
6B2.  Force  aa  a  Function  of  PotmtUL    If  V  and   V  +  AV  he  At 

polcntials  al  two  very  near  points,  A  and  fl,  on  ■  line  of  force.  Fig.  366, 1 

if  At  be  the  distance  belweeti  these  pwsl>. 
we  c>n  exprcsi  in  two  ways  the  work  1 
unit  charge  in  moving  it  from  A  to  B.  I!  / 
bt  ibe  average  force  at  the  points  silaMtd 
between  A  and  B.  jAr  will  be  the  work  done 
in  moving  unit  charge  from  .^  to  B  agiion 
the  force.  Bui,  from  the  discussion  of  po- 
lenlial  dilTcrence.  AC  also  represenu  lie 
same  amounl  of  work.  We  have,  then,  once 
'  the  direclioQ  of  Ibe  force  is. the  same  >s  tlul 

'"'  '     ■  in   which    y   dccreaiei.  11r  =  —  AV,  or  f= 

—  AI'/Ar.  If  A  and  B  be  made  to  approach  each  other  till  they  coincide,  Ih* 
left-hand  side  of  the  above  equation,  f,  will  be  the  actual  value  of  Ibe  fane 
at  the  place  of  meeting,  and  the  right-hand  side.  — AC/Ar,  will  appmach 
the  value  —  dV/dr.  In  other  words  this  means  that  the  resultant  forte  il 
any  point  is  numerically  equal  to  minus  the  rale  at  which  the  potential 
changes  along  the  line  of  force  through  the  point. 

583.  The  Potential  of  a  Condnctor.  In  all  that  has  been  said 
heretofore,  potential  has  been  discussed  as  a  condition  of  thing! 
at  a  point,  and  this  is  the  only  strictly  proper  way  to  regard  it, 
If  a  charge  be  given  to  an  insulated  conductor  at  one  or  more 
points,  the  charge  at  once  will  arrange  itself  in  a  definite  way  and, 
in  all  its  parts,  will  assume  a  state  of  stable  equilibrium.  This 
follows  immediately  from  the  preceding  discussion.  There  can  be 
no  resultant  force  other  than  that  perpendicular  to  the  surface; 
otherwise  the  tangential  component  would  move  part  of  the  charge 
at  some  point,  and  this  would  continue  till  the  stable  arrangement 
spoken  of  has  come  about.     Since,  then,  the  surface  is  everywhere 


perpendicular   to  the  force,  it  most  be  aa  '.  :t. 

In  other  words,  the  surface  of  a  cbarged  cor.:  -jni 

is  always  equipMential.  and  it  is  oben  canrenieat  to  a.scribe  the 
value  of  the  potential  at  eadi  of  ils  points  to  tbe  coodacior  as  » 
whole,  and  to  speak  of  the  coadoctor  sa  kxtiag  beea  charged  Ic 
a  certain  polntial,  or  even  as  havimg  this  potentiaL  If  a  con- 
ductor then  be  charged  to  any  potential  f ,  this  meaiu  that  it  has 
on  its  surface  a  charge  +Q,  ai  sath  a  t^Iik  as  b>  require  F  Ofs 
to  be  expended  in  bringiog  a  tmtt  positive  charge  to  0*7  point  of 
the  surface  from  infinity  againsl  tbe  rcpalswo  of  Q.  If  a  higftcr 
potential  is  to  be  obtained.  Q  mast  be  increased,  and  in  general  Q 
is  proportional  to  the  rwnttt^  potgniial  irincfa  u  dac  to  it,  i.  r,, 
Q  =:  CV.  in  which  C  is  a  conslMrt  depending  on  tbe  nie.  shape, 
or  enviromncDt  of  the  eondndor.  Froot  Oe  fortBida  it  appears 
that  C  is  numerically  eqnal  U  the  dorgc  rcqnircd  to  change  the 
potemial  of  the  coadncUr  by  mily.  or  to  niic  its  potential  frooi 
zero  to  one.  This  qnanlity.  C,  a  caBed  the  avMttf  of  the  con- 
ductor. C  also  depends  on  ibe  Jefaclric  "^''"-*,  k,  of  the 
medium  in  which  the  coododor  is  hamentdi  in  £>ct  it  raric* 
directly  as  this  constant.  For  HQhe  kept  conMaat  and  k  increased 
in  any  proportion,  the  repafaioa  at  Q  cm  the  appnwdtiag  nnil 
charge  will  be  decreased  in  tbe  aa^K  propotlioa  (|  575).  Hence 
the  potential  will  be  decreased,  aad  tbcnfore  tbe  capacity  in- 
creased, in  the  praportiaa  is  wincb  t  h 

SU.  Pot^ftialat 
face  of  a  ctuixed  txiaimaor 
the  Mmc  poleslial 

woidd  be  paiaU  at  bi(Wr  or  I»wcr  f*— ''rf  tbtn  tkM 
GNca  sf  foRC  ^Bi  wuat  tmm  peakirt  itnijn  «t  whicft  (kac  att 
I  Ibat  tkcK  are  no  jiiiiMi   i 
(  Ac  priMs  af  Oc  Mrface.    TTii  iiiiiaiiii 


-W/ir,  h  i-A. 
o  aad  bcae* there 

b  BO  force  wiibia  a  ehaiaej  emdacwr.  It  caa  be  iBrtbcr  ill  iwwi  I  su  d  that 
tkb  ooajhioa  caa  <»a]y  be  f^gant  d  if  CnatnaJi'i  1»»  b  «f»e.  Tli  w'>^i!iw  1  m 
t  of  •  niforaJr  chanM  ifbere.  Re.  )»7.  Ut  m  fakj 
e  at  Mmc  rai^  ^  vitbta  b,  rtilea  M  t^tdoB,  ^.  r.  u 
I  wilUa  the  aarface.     Lei  i*  he  ifcc  Mfla  of  a  dMUe  com  of 
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small  angle  intcrceptins  ffom  the  charge  the  amourns  iij,  and  A^  at  lb 
respective  distonces  of  r,  and  r^  The  attraction  at  P  in  one  directioa  it 
Atfi/'m*  "-o^  <<i  Ihc  other  ^Jr,'.  Bat  [ran 
geometrical  considerations  A9,  is  propotlionil 
to  r'  and  Aq,  to  r,*,  i,  «.,  A^,  =;  Xr/  joi 
Aijj  —  Kr,'.  Substituting  in  the  expresrioni 
(or  tbe  force  we  get  the  value  K  ia  bolL 
But  the  two  forces  are  in  opposite  dimlioiB 
and  the  rcsuilant  force,  tberefore,  ^K  —  K 
^  0.  As  regards,  then,  the  eSect  of  ttu 
charges  intercepted  by  the  small  cone  ctaosot, 
the  resulting  force  is  aero.  But  the  whole 
interior  of  the  conductor  may  be  regarded  as  made  up  of  snch  cone*. 
Therefore  the  farce  at  all  points  within  the  surface  is  zero,  on  the  asiump- 
tion  of  Coulonib's  law.  or  the  taw  of  inverse  squares.  Since  cxpertmenl 
shows  that  at  all  such  points  as  P  the  force  i>  xero.  the  law  of  force  Irom 
which  iheoreticaily  Ihrs  would   follow  must  be  the  true  law. 

686.  Taloe  of  Potential  Dtie  to  Oh&rge  at  a  Point  Let  a  charge  0, 
Pig.  3^8,  be  concentrated  at  a  point  A :  let  us  calculate  tbe  work  a  unil 
cbarEC  wotild  accompliih  in  moving  under  the  repulsion  due  to  Q  froin  Pi 
to  Pf    Suppose  that  at  anjr  instant  it  is  at  P,  at  a  distance  r  from  A.    lo 


moving  a  distance  Ar,  ih«  work  d»tie  (■wumlng;  tbe  dielectric  to  be  air)  i> 
Q/r'-Ar,  and  therefore  in  moving  from  P,  to  /%,  the  work  mtllt  be 


^s:;i-<k-^) 


If  P,  be  at  an  infinite  distance,  i/r,  will  be  lero  and  tbe  expressioti  f^i 
work  becomes  Q/r,.  Hence  this  is  the  work  required  to  bring  op  to  ^  1 
from  infinity  a  unit  positive  charge  against  the  repulsion  of  Q,  and  ihw  " 
by  definition  the  potential  at  P,  due  to  0  at  a  distance  r,  from  ''r 
From  Ibis  it  is  an  easy  step  to  the  conclusion  that,  if  Q  be  compoiri  "' 
distributed  parts,  g,,  q,,  g,.  etc.,  at  distances  r,,  r^  r,,  etc.,  tespectivelT  '""" 
any  point  P,  tbe  potential  at  P  due  lo  the  total  distribution  will  be 


I  briefly  Z~g/r,  which  is  exprened  more  exactly  by  the  integral   filfl'- 


POTENTIAL. 

which  the  limilB  must  take  in  all  ihe  charge  concerned  wherert 
or  in  wbalcver  way  distributed.  If  the  medium  be  other  ihan 
■  a  dielectric  constant  k,  (hen  the  BtpTession  becomes 


CS7.  Oapadtr  of  a  Spherical  Conductor.  Ai^a  special  case  of  tb«  above, 
Uuider  a  uniforml)'  charged  siibere  aatl  locate  the  point  F  st  ili  center. 
fce  potential  at  P  due  to  the  charge  nilt  be  given  by  the  equation 


-/? 


I  constant  and  equal  to   the  radius  of  the  iipher< 


■/■■v^ 
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rherefore  Q  ^  aV  expresses  the  relation  between  the  charge  and  the  polen- 
tial  at  any  point  within  the  conductor,  since  the  poientisl  si  all  such  points 
is  the  same.  But  in  general  Q  =  Cy,  in  which  C  ia  the  capacity  el  lh« 
conductor  (9  s^j)  ;  therefore  in  the  special  case  of  a  spherical  conductor, 
and  its  capacity  fn  all  la  ntunerlcally  equal  to  Ita  radliu. 

I.  Potential  Energy  of  a  Charge.  Although  strictly  the  fiicrgy 
of  a  static  charge  is  distributed  in  the  surrounding  dielectric 
medium,  it  is  possible  to  express  its  value  in  terms  of  the  charf^e, 
Q.  and  of  the  potential,  T,  of  the  conductor  carrying  the  charge. 
We  have  seen  (§  580)  that  the  work  reqtiired  to  take  a  charge  Q 
from  one  point  to  another  against  a  potential  difference  (•'  is  Ql^. 
In  charging  a  conductor,  however,  the  charge  may  be  thought  of 
as  being  added  a  little  at  a  lime  and  as  increasing  from  lero  gradu- 
ally to  its  final  value  Q.  The  potential  in  consci|uence  must  in- 
crease from  zero  uniformly  to  its  final  value  V,  and  the  averngc 
potential,  then,  through  which  Q  has  been  raised  is  \V.  The 
work  of  charging  the  conductor  is,  therefore,  Jfif,  and  this  repre- 
sents the  energy  of  the  charge  Q.  Since  Q  =  CV,  we  may  express 
the  energy  as  follows. 


k 
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ELECTROSTATIC   INDUCTION. 


689.  M«chanism  of  Induction.  If  a  charged  bodjr  A,  Fig. 
369,  is  brought  near  an  uncharged  or  neutral  conductor,  BC, 
the  latter  is  found  to  be  electrified.  The  side  or  parts  near- 
est to  the  charged  body  are  electrified  oppositely  to  the  bodj 
while  the  more  remote  parts  are  similarly  charged.  Electri- 
fication brought  about  in  this  way  without  any  contact  Is 
called  induction.     One  explanation  consists  in  supposing  that  the 


Fic.  369, 

neutral  body  naturally  possesses  equal  amounts  of  positive  and 
negative  electricity  which  are  separated  by  (he  attraction  and  re- 
pulsion of  the  charged  body  when  the  latter  is  brought  near,  the 
unlike  kind  being  attracted  to  the  nearer  side  while  the  likt 
kind  is  repelled  to  the  remote  parts.  This  is  consistent  with  the 
following  fact,  vii.  that  if  the  charged  body  be  now  removed, 
the  conductor  loses  entirely  its  electri6cation,  this  resulting  from 
the  recombining  of  the  two  kinds  of  charge. 

Another  way  of  esplaining  the  above  facts  is  the  following.  Sup- 
pose a  positively  charged  body  at  A,  Fig.  369,  in  virtue  of  which 
ail  neighboring  points,  as,  for  example,  B  and  C,  are  at 
definite  potentials  depending  on  their  distance  from  A.  B,  being 
near,  is  at  a  higher  potential  than  C  which  is  farther  away.  Sup- 
pose now  an  uncharged  condiiclor  be  brought  and  placed  so  that 
B  becomes  one  point  of  the  surface  at  one  end  and  C  a  point  at 
the  other  end.  Since  B  and  C  are  now  points  on  a  conductor 
their  potentials  must  be  equal.  Hence  there  must  be  a  negative 
charge  around  B  that  lowers  its  potential  and  a  positive  one  at 
C  that  raises  its  potential.  Again,  since  originally  the  potential 
at  B  was  higher  than  at  C,  the  direction  of  the  electric  force 
was  from  B  to  C  and,  therefore,  when  the  conductor  n 
sihle,  a  positive  charge  moved  in  the  direction  BC,  while  a  i 
le  moved  in  the  opposite  direction. 
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690.  EUfect  of  a  Oondnctor  on  %  TUU.  Fig.  370  shows  in  >  gen- 
eral way  the  effect  of  bringing  a  conducting  sphere  A,  inrtidly 
uncharged,  into  the  radial  field  produced  by  a  positively  charged 
q>here  B.  The  potential  at  all  points  ot  A  it  that  which  wu 
formerly  the  value  at  the  point  now  occupied  by  iti  cenlcr.  A» 
ihe  field  intensity  within 
the  conducting  surface  of 
A  is  everywhere  Kro,  no 
lines  of  force  cross  the 
boundary,  but  the  same  num- 
ber leave  on  the  side  away 
from  B  as  abut  on  the  side 
near  B.  In  all  cases  ihey 
approach  and  leave  A  in  » 

direction  perpendicular  lo  its  surface  »ince  A  i*  an  * 
surface.  The  equipoteniial  surfaces  are  fhowa  cverywlwrc  (■#• 
pendicular  to  the  lines  of  force,  ibe  aarUct  of  A  bieowiiuf  now 
a  part  of  the  one.  VV,  that  iorma\y  pattei  dwMigli  tfcc  C«M«r  ot 
A.  It  follows  from  the  reasoning  of  |  5S9  tfaat  s  nc^Mivc  du#ff( 
has  moved  to  the  left  of  A  and  m  poaitire  charfc  lo  it*  rigjM. 

591.  Obanges  Prodiu^d  ia  »  TUU  W  «■  iMilMvr.    It,  iMt««4 
of  the  eoadmctiat  hoiy  A,  M  Imw' 
fRJttf    ^HdMlfk    fWUMWI 

•nfraiJiaf   awdtnnt    lit 

tau  M  clHWic  lUM,   dw 

diMMlitHi  o<  dM  KM*  of  («rac  MM 

be  iwrtWag  M  riMNn  ia  Mf.  271, 

^^  ^  '^  *•*"  "  ""^  *•  •'^  "  *•* 

—       ^■P/S>s^  pmfcttJ   oa   s   wi^fitf    ««U    ^ 

H  -^  ^\  Wwfiiif    a    tor   <Ff    fma    fnin    N. 

H  \^  The  Sws  •<  (ore*  »f«  «or«  crowdMd 

I 

Wa.  »»«  mitm  «<  >■  «1t.     T^  nnaM  nl  III.  _njj 

dcrtrical  arnt;  of  Ike  ofA  arf  in  (anal  «M<  rlnhnfillj, 
Ks  pctaitial  oanM  «Ar  cKMfr  fami  liac  to  Amc  «r  CraM  |fac« 
10  pbce.    For  tbb  f 
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calculate  potentials  from  that  of  the  earth  assumed  as  zero.  Since 
any  two  conductors  joined  together  fay  a  conducting  medium,  as 
a  wire  for  example,  are  quickly  brought  to  the  same  potential, 
any  conductor  joined  to  the  earth  has  its  potential  brought  to 
zero.  The  usual  practical  method  of  "earthing"  a  body  is  to 
join  it  by  wire  to  the  nearest  gas  or  water  pipe.  In  the  absence 
of  both  of  these  the  wire  must  be  led  to  a  large  metal  plate  or 
grid  buried  in  the  ground. 

693.  Charging  by  Induction.    The  method  of  charging  a  body, 
referred  to  in  §  570,  was  by  conduction.    The  result  was  as  if  the 
new  body  had  acquired  some  of  the  electricity  that  had  just  be- 
fore resided  on  the  charging  body.    The  new  body  may  however 
be  charged  and  yet  not  be  brought  into  contact  with  the  charging 
body  at  all.    Referring  again  to  Fig.  369  it  is  seen  that  the  right 
end  of  BC  is  positively  charged  while  the  left  end  is  negative. 
because  of  the  inductive  action  of  A.    If,  now,  BC  be  touched  with 
the  finger  or  in  any  other  way  brought  into  conductive  communica- 
tion with  the  earth,  the  repelled  positive  electricity  will  quickly 
take  this  path  of  escape  to  the  earth.     If  now  the  earth  connection 
be  broken,  BC  will  be  found  to  be  negatively  charged  even  if  A 
is  removed  from  the  vicinity.    This  is  known  as  charging  by  in- 
duction, and  the  character  of  the  charge  is  opposite  to  that  of  the 
charging  body.     In  view  of  this  inductive  -action  even  the  phe- 
nomena of  conduction  may  receive  a  different  e!\planation  from 
the  one  already  advanced.     Suppose  A  be  brought  up  into  contact 
with  BC  at  B.    The  two  opposite  and  mutually  attractive  charges 
will  combine,  a  small  spark  passing  just  prior  to  actual  contact. 
If,  now,  the  bodies  be  separated,  BC  will  be  positively  charged,  but 
the  charge  is  the  positive  charge  that  was  originally  associated 
with  the  negative  charge  that  has  just  combined  with  the  positive 
of  A  on  contact.    In  other  words,  the  positive  charge  now  on  BC  is 
not  a  part  of  that  which  was  formerly  on  A  and  which  has  passed 
over  to  BC ;  it  was  always  on  BC  but  has  been  made  evident  or  free 
by  taking  away  from  it  the  same  amount  of  negative  charge  ^vith 
which  it  was  formerly  associated.    Thus  we  see  that  it  is  logical 
to  assume  that  conduction   is  preceded  by  induction.     Induction 
thus  plays  a  very  important  part  in  the  phenomena  of  this  branch 
at  least  of  electrodynamics. 
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E  charging  by  induction  may  alao  be  explained  by  considering 
an  action  of  the  intervening  tnedinm.  I,ines  of  force  pass 
t  in  all  directions  from  A,  Fig.  369.  When  the  conductor  BC 
^brought  into  the  field  hnes  abut  at  the  right  hand  side  of  BC 
VtA  an  equal  number  leave  at  the  leit  hand  side,  i.  e.,  the  former 
side  is  charged  negatively,  the  latter  positively.  Upon  touching 
BC  connection  by  a  conductor  is  made  with  the  earth  and  the 
stress  of  the  medium,  represented  by  the  lines  from  BC  to  the 
earlli.  is  removed.  After  breaking  the  connection  with  the  earth 
there  remain  only  the  lines  passing  from  A  to  BC  and  the  latter's 
charge  will  therefore  be  negative  only. 

594.  The  Oold-leaf  Electroscope.     This  instrument   (Fig.  372), 
first   constructed   by   Bennet   in    1787,   consists   of   a   pair   of  gold- 
leaf  strips  about  5   mm.  wide  and   5  cm.   long,  each 
with  one  end  attached  to  a  metal  rod  10  cm.  or  niore 
long,  terminating  at  the  top  in  a  plate  or  ball.     These 
leaves  are  enclosed  for  protection  in  a  suitable  con- 
tainer, often  a  glass  jar.  through  the  insulating  top 
of  which  the  rod  passes  and  is  fixect,  the  plate  or  t 
being  on  the  outside  for  receiving  the  charge.     As 
stilt    further  protection   against  local  charges  on   the  | 
glass  container  and  inductive  influences  from  outside, 
a    light    wire    cage    is    sometimes    placed    within    the      fic  371. 
glass  jar  and  connected  with  a  small  terminal  on  the 
outside.     By  attraction  this  cage  also  helps  to  diverge  the  leaves. 
If,  from  misjudgmcnt  or  accident,"  the  leaves  are  given  too  heavy 
a  charge,  they  will  spread  out  and  come  in  contact  with  the  cage 
and  will  thereby  be  discharged  and  will  fall  back  in  place.     As  a 
divergence  of  the  leaves  indicates  a  difference  of  potential  be- 
tween them  and  the  cage,  if  the  latter  be  made  zero  by  connecting 
to  earth,  the  amount  of  divergence  will,  in  a  genera!  way,  measure 
the  potential   of  the   leaves  or  the   body   from  which  they  were 
charged. 

If  a  stick  of  sealing  wsx,  charged  by  rubbing  it  with  Saimcl,  be  brought 
toward  Ibc  plate  or  ball  at  tbe  lop,  [he  leaves  wilt  diveree  with  a  negative 
charge  by  ioduclion.  If  the  plale  be  connected  10  the  ground  for  an 
instant,  by  touching  it  wilh  the  finger,  for  example,  ihe  leaves  will  col- 
lapse, the  negative  charge  being  driven  to  earth  by  the  repulsion  of  the 
diarge  on  (be  stick  of  wax.     If  now  (he  latter  be  removed  after  (be  ground 
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brakes  the  fesvei  will  £^rcrge  again,  but  this  time  widi 
If  a  poaitiTe  ^aiie  be  brought  near  the  plate  of  a  pon- 
dw  leavd  win  diveige  oMire,  the  diaige  of  the 
bgr  them.  If,  however,  a  negative  charge  be 
r.  dw  leaTes  will  ooUapoe  became  ^eir  positire  diaige  will  be 
attracted  i^waiti  to  Ae  plate  bgr  Ae  action  of  the  opposite  duuge  in  ^ 
ikinity.  In  general,  then,  whicherer  wiqr  the  electroscope  is  charged, 
a  similar  charge  will  canse  an  increased  effect,  while  an  opposite  charge  will 
cnnse  a  dimiaiihrd  cffecL  An  elettioscupe  is  thns  capable  of  indicatng 
dw  character  of  a  charge  as  well  as  its 


«f  Chargt.    If  a  body  be  a  non-conductor,  any 
char^  of  dcctridtj  commtmicatcd  to  it  must  necessarily  stay 
where  it  has  been  placed.     If  it  be  a  conductor  properly  in- 
sulated, the  cliar|;e  will  distribute  itself  in  a  very  definite  way, 
depending  oo  the  shape  of  the  body  and  upon  the  location  of 
other  charges,  if  any,  in  the  neighborhood.    In  any  case  the 
charge  will  be  located  on  the  surface  of  the  body,  never  within 
its  mas^    If.  for  example,  the  body  be  a  charged  conducting 
sphere  and  if  there  be  no  disturbing  charges  near  it,  the  charge 
will  be  uniformly  distributed  all  over  the  surface.    The  uniformity 
of  the  distribution  might  be  expected  from  the  symmetry  of  the 
spherical  form.    The  superficial  character  of  the  distribution  is 
nvx  so  ob\*ic>us.  however,  though  of  much  importance.     The  fact 
can  be  demonstrated  experimentally  in  several  ways.    Franklin, 
for  example,  electrified  a  small  silver  can  on  an  insulating  stand 
ami  lowered  within  it  a  cork  ball  by  means  of  a  silk  thread.    The 
KaH  \^*as  not  attracted,  though  it  had  been  when  brought  near  the 
outer  surface  of  the  can.    Even  when  the  ball   was   made  to 
t\>iKh  the  include  surface  of  the  can,  it  was  uncharged  when  with- 
drawn.   It.  however,  it  be  made  to  touch  the  outside,  it  acquires 
a  chjir^.     Franklin  himself  did  not  understand  the  reason  for 
this,  but  it  may  be  explained  on  the  assumption  that  all  parts  of 
i!\c  charpf  are  mutually  repellent  and,  therefore,  it  will  arrange 
itself  in  sihrh  a  \^*ay  as.  on  the  whole,  to  be  most  widely  distributed 
i\nilomb  also,  by  means  of  his  torsion  balance,  explored  the  sur- 
face of  an  electrified  cylinder  in  which  cavities  had  been  made. 
He  usetl  a  little  disk  of  gilt  paper  mounted  on  a  shellac  rod  for 
a  handle,  in  or\ler  to  convey  the  charges  from  different  points  in 
(he  cylimter  to  the  torsion  balance.    This  device  is  called  a  proof 
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plane.  In  no  case  ms  be  able  to  find  anj  evidence  of  a  charge 
within  the  cavities.  Faradajr's  method  of  tesdng  tlni  question 
was  on  a  much  larger  scale.  He  btuh  an  insnlated  cubical  box, 
about  8  feet  on  an  edge,  and  covered  it  with  a  coadnctii^  layer  of 
tinfoil  and  copper.  It  was  charged  by  a  powerful  electrical  ma- 
chine (g6io)  until  long  sparks  and  bmshes  escaped  from  its 
comers  and  edges.  While  it  was  in  this  state  Faraday  himseK 
stayed  within  the  cube  and  u*ed  various  tests  for  the  presence  of 
an  eleclrtcal  charge,  but  was  unable  to  detect  tbe  least  charge  on 
the  inside  of  the  cube. 

A  simple  and  effeciive  lecture  table  device  for  showing  the  same 
thing  consists  of  a  hollow  metal  cylinder.  A,  Fig.  373.  mounted 
on  an  insulating  stand  B.  A  pair  of  pithballs 
P  arc  hung  by  conducting  threads  from  a  point 
on  the  inside  of  the  cylinder  and  a  similar  pair 
F'  on  the  outside.  On  charging  the  cylinder  it 
will  at  once  be  noticed  that  the  balls  P'  will 
mutually  repel  and  will  stand  out  at  an  angle 
depending  on  the  amount  of  charge  given  the 
cylinder,  but  ihai  the  balls  P  will  be  quite 
unafFecled,  thus  indicating  that  the  charge  is  dis- 
tributed entirely  on  the  outside  of  the  conductor. 

596.  Faraday's  lG«-pail  Ezperimflnt.    This  experim 
made  by  Faraday  and  is  known  as  "  Faraday's  ice 
ment"  (because  he  actually  used  a  pewter  ice-pail). 
sulaled  metallic  vessel 


(& 


;nt  was  first 
pail  experi- 


communt- 
cation  with  an  electroscope  as  in 
Fig.  374.  Into  this  lower  a  charged 
body  by  means  of  a  silk  thread,  or 
other  non-conductor.  The  leaves 
will  diverge  but  the  divergence 
is  nol  changed  by  moving  the 
charged  body  about  within  the 
cavity,  or  even  by  bringing  it  in 
conlaet  vrilh  the  side  of  the  vessel. 
If  the  Ixidy  be  then  withdrawn  it 
III  be  found  to  be  uncharged.  As  the  divergence  of  the  leaves 
IS  not  aiTected,  no  change  in  the  charge  on  the  outside  of  the  _ 
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ca.'zsed  It  bringing  the  charged  body  in  touch  with  it 
Tris  5b?ir5  tha:  when  the  charged  bodr  is  lowered  into  the  vessel, 
:h<re  i$  rrrxhscerl  on  the  interior  surface  of  the  conducting  vessd 
rj  =':^<:t:<T:  a  warge  of  equ4Ml  Tahie  with,  and  of  comtnary  sign  to 
:h«  charge  of  the  bodr  xntrodnced.  The  actual  distribution  of  this 
:::c=-v?»f  charge  dep^zxis  on  the  form  and  position  of  the  inducing 
'roor.  There  is  also  isdoced  on  the  outside  of  the  vessel  a  charge 
cf  e^%^  va!;3e  aixf  of  similar  sign  to  that  of  the  inducing  body. 
He::ce  wbes  the  izx!:2cing  bodv  is  made  to  touch  the  interior  of 
the  vessel  two  eqoa!  and  opposite  chaises  combine  and  neutraliie 
each  Gvher.  The  bodv  when  withdrawn  is  then  found  to  be  un- 
charged  a::d  the  induced  exterior  charge  is  of  course  unchanged 
bv  the  co:::bit:ation  of  two  equal  and  opposite  charges  on  the 
insivie.  This  asd  other  evidence  indicates  that  induced  charges 
slw2>-^  ixc:ir  as  pairs  of  equal  and  opposite  charges  and  that 
whir:  cr.e  SxiSr  gives  a  charge  to  another  by  conduction,  the  total 
chirs:e  cf  the  rwo  is  ur^chacged. 

This  cin  also  b«  explained  by  the  changes  produced  in  the  me- 
d:u~.     The  linc<  originating  from  the  charged  body  end  on  the 
surface  cf  the  earth  or  on  bodies  not  insulated  from  it.     If  the 
bv>:y  i5  row  Icwere^d  into  the  insulated  vessel  we  may  distinguish 
t\v:»  ir.ierer.ient  £e!ds  under  electrical  stress,  the  one  inside,  the 
o'.her  cutsiie  the  vessel.    Lines  pass  inside  from  the  charged  body 
to  the  vessel :  and  the  same  number  outside  from  the  vessel  to  the 
earth.     >[oving  the  charge  inside  the  vessel  cannot  produce  any 
chan^  whatever  c^utside.     As  soon  as  the  charged  body  touches 
the  waV.  of  the  vessel,  the  stress  inside  disappears  and  no  charge 
is  left.  >vh:!e  on  the  outside  there  remains  the  same  charge  as  be- 
fore. e\;ua!  to  that  of  the  originally  charged  body. 

597.  Conserration  of  Electricity.  If  two  bodies  in  their  natural 
stare,  such  as  a  piece  of  silk  and  a  piece  of  glass,  be  lowered  into 
a  hollow  vessel  like  a  can  placed  on  the  plate  of  an  electroscope, 
no  indication  of  a  charge  will  appear:  i.  e,,  the  leaves  will  not 
move  even  though  the  glass  and  silk  be  rubbed  together  and  scpa- 
ratcvi  as  if  to  charge  them.  If.  however,  either  be  removed,  the 
leaves  will  diverge  because  of  the  presence  of  a  charge  on  the 
boily  left  within  the  vessel.  Since,  when  both  bodies  were  within 
the  vessel,  no  charge  was  indicated  even  though  a  test  of  each 
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ralely  showed  them  both  to  be  charged,  it  follows  conclusively 
kat  the  bodies  must  have  been  charged  oppositely  by  exactly 
pial  amounts.  That  is,  when  a  charge  of  either  kind  is  devel- 
l  anywhere  by  contact,  an  opposite  charge  of  just  the  same 
lount  must  also  be  developed.  From  this  and  the  preceding 
ragraph  we  conclude  that  the  tola!  amount  of  electricity  of  both 
s  always  sero. 
|598.  Surface  Density.  In  the  case  of  an  electrified  body  the 
surface  may  be  tested  at  various  points  by  means 
;  the  electroscope.  To  do  this  a  small  conducting  sphere  or 
,  attached  to  an  insulating  handle,  is  brought  successively  in 
intact  with  different  points  of  the  body  and,  after  each  contact, 
Jied  to  the  electroscope.  It  will  be  found,  in  general,  that  the 
flections  produced  arc  not  the  same.  If  the  body  be  a  con- 
cting  sphere  the  test  shows  that  the  distribution  is  uniform  all 
le  surface.  If  however  the  shape  be  that  of  an  ellipsoid  or 
an  examination  of  the  surface  will  reveal  the  fact  that  at 
of  sharper  curvature  the  charge  is  greater,  and  hence  in 
:  figures  mentioned  the  charge  will  be  much  greater  at  the  ends 
1  at  the  (latter  sides.  The  quantity  of  electricity  residing  on  a 
square  centimeter  of  a  surface  is  called  the  surface  density  of  the 
charge  and  is  denoted  by  a.  In  the  case  of  a  spherical  distribution 
r  that  the  surface  density  is  the  same  at  all  points,  while 

Fi  most  other  cases  this  is  not  true,  and  then  it  is  defined  as  the 
mit  of  the  ratio  of  the  charge  on  a  small  area  about  the  point 
in  question  to  that  area  as  the  latter  is  made  smaller  and  smaller. 
From  the  above  it  follows  that  at  actual  points  the  electric 
density  must  be  very  great,  and  this  is  a  well  known  observed  fact. 
Since,  moreover,  the  charge  on  a  point  is  repelled  by  the  charge 
Lon  all  other  parts  of  the  conductor  it  often  happens,  and  wilt 
^ways  happen  if  the  point  be  sharp  enough,  that  the  stress  in  the 
Blelectric  is  sufficient  to  break  it  down  and  the  electricity  es- 
capes from  the  point.  (See  Radioactivity.)  Franklin  was  the  first 
to  recognize  the  value  of  pointed  conductors  in  discharging  elec- 
tricity harmlessly  into  the  air  and  suggested  their  use  at  the  ends 
I  of  lightning  rods  in  place  of  the  balls  which  had  been  formerly 
Bsed. 
609,  Bffect  of  Induction  on  Capacity  of  Condensera.  The  ca- 
pacity of  a  single  conductor  uninfluenced  by  others  has  already  been 
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t  the  ntio  of  its  cbargc  to  its  potential  (|  583),  or  in 
otber  words  as  eqoa]  nmncncallr  to  the  charge  necessarr  to  nise 
its  potestial  from  zero  to  tudt  ralne^  In  the  case  of  a  ^here  the 
capadtT  ia  C.  G.  S.  nnits  is  eqoal  to  its  radiiis  in  centimelen. 
If,  nmr.  sDch  a  sphere  be  enclosed  by  a  cooccntric  condnctii^ 
ayherical  sheO  of  sHghdj  greater  racGns,  the  two  being  separated 
br  a  dtdectric  and  the  shell  being  connected  to  earth,  the  ca- 
pacitr  win  be  foood  10  be  rerj  greatlr  increased.  The  capadt; 
of  a  coodnctor  is.  therefore,  a  fnoctiaa  not  oaljr  of  its  size  and 
shape  bat  also  of  its  enrimimcnL  Snc±  a  comtHnation  as  is  de- 
scribed above  is  caDed  an  eUctricat  conJmser.  Hence  an  ekc- 
trical  coodeoser  is  a  derice  for  increasing  the  chai^  on  a  cm- 
dncmr  withoot  increasing  its  potcntiaL 

Mil  OiVilirinw  of  naparttJM  Let 
the  above  sphere.  Fig.  375,  have  a  radins 
of  a  centimeters  and  let  the  enclosing 
sheO  hare  an  inner  radius  of  b  centi- 
meters with  a  small  air  space  between. 
If  a  charge  q  be  given  to  the  sphere,  1 
charge  —  q  will  be  induced  on  the  ioner 
surface  of  the  sbdL  Since  it  can  be 
proved  that  charges  distribnted  mn- 
formlv  o\tT  spherical  surfaces  affect 
ootside  pmnts  as  if  the  charges  were 
coocenlrated  at  the  center,  O,  of  tbe 
surfaces,  it  follows  that  the  potential  at 
P  at  a  distance  r  from  O,  doe  to  q  and  —  9,  is 


F».  J7S- 


This  is  e\-idently  aeroi.  If  P  be  taken  between  the  sphere  tni 
shell,  the  potential  due  to  q  is  q/r  as  before;  but  that  due  to— J 

is q  b,  since  this  last  is  constant  thrCN^;boat  the  space  enclosed 

by  tbe  shell  and  equal  to  the  value  it  has  on  the  surface  ({  584). 
The  total  potential  is  therefore  equal  to  q/r — q/b.  At  the  sur- 
face of  the  sphere 
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1  this  case  r^d.  Al  all  points  within  the  sphere  the  po- 
tential is  constant  and  has  of  coarst  the  saoK  value  as  it  the 
surface.  Since  the  capacity  is  eqnal  to  the  charge  prodociiig  mnt 
potential,  we  see  at  once  from  the  abo««  fortDtiU  that 

r. 

call  d,  and  as  this  is  supposed  small,  at  will  differ  little  fraoi  n*  so 
that  C  =  o*/!*  ^  4««'/4«rf  ^  5'/4«J,  where  5  b  the  surface  of  the 

From  the  above  we  can  also  derive  an  expression  for  the  ca- 
pacity of  a  condenser  consisting  of  two  parallel  plates.  For  they 
may  be  regarded  as  parts  of  two  very  large  concentric  spheres 
forming  a  spherical  condenser.  Hence  the  capacity  of  such  a  plate 
condenser  is  also  expressed  by  the  formula  C  ^  S/4wd,  where  S  is 
the  area  of  each  plate  and  d  their  distance  apart  (supposed  small). 
If  the  space  between  the  conductors  is  not  air  but  a  material  of 
dielectric  constant  k,  then  it  follows  from  §  583  that  C  =  kS/4rd. 

It  is  at  once  evident  thst  the  capacity  of  either  a  spherical  or 
a  plate  condenser  may  be  increased  indefinitely  by  decreasing  d. 
The  limit  is  reached  in  any  practical  case  when  the  thickness  is 
not  sufficient  to  withstand  the  potential  required  and  a  spark 
breaks  down  the  dielectric.  By  making  a  simple  calculation,  it 
will  be  seen  that  a  10  cm.  sphere  has  its  capacity  increased  more 
than    100  fold  by  surrounding  it   with  a  grounded  shell   1 


In  practice  condensers  arc 


away,  the  space  between  being  3 
very  frequently  composed  of 
metallic  sheets,  such  as  tinfoil, 
separated  by  large  sheets  of 
some  dielectric,  such  as  glass, 
mica,  paraffined  paper,  or  oil. 
Fig.    376   shows    the    arrange-  p,^  ^^^ 

ment.     The  sheets  of  odd  num- 
bers are  joined  together  and  earthed,  while  the  even 
joined  together  and  receive  the  charge.     One  set  is  t 
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insulated  from  the  other  by  layers  of  the  chosen  dielectric,  espec- 
ially selected  with  reference  to  its  resistance  to  breaking  down 
under  high  potentiaL 

601.  Field  Between  t&e  PUtei  of  a  Oopdwuer.  If  the  distmnce,  d,  be- 
tween the  plates  of  a  paraltet-plate  condenser  ii  Bmall  compared  with  the 
dimenaioDS  of  the  plate,  the  lines  of  force  between  the  plates  ate  parallel, 
and  the  field  is,  therefore,  unifona.  If  the  distance  between  the  plates  be 
decreased  (the  charges  remaining  unchanged),  the  only  change  will  be 
a  shortening  of  tbe  lines  of  force,  nitbout  any  change  in  their  number. 
Hence  the  intensity,  /,  of  the  field  will  remain  unchanged  and  so  also  will 
Ihc  force  of  attraction,  F,  between  the  plates.  The  difference  of  potentiat, 
y,  it  the  work  done  in  taking  a  unit  charge  from  one  plate  to  the  other. 
Hence  V  ^fd  and  /  ^=  V/d,  From  this  other  expressions  for  /  can  be 
derived.  For,  if  C  is  tbe  capacity  of  the  condenser  and  q  the  charge  on 
each  plate,  q-^CV  and  V'=-q/C.  Hence  f  =^  4xq/S :=  ^xv  where  r  is 
the  surface  density. 

602.  The  Leyden  Jar.  The  principle  of  the  condenser  is  said  to 
have  been  accidentally  discovered  by  von  Kleist  in  1746.  While 
electrifying  some  water  in  a  bottle  held  in  the  hand,  he  received  a 

shock  on  taking  hold  of  the  nail  placed  inside 
to  make  contact  with  the  generator.  The  hand 
had  formed  one  side  of  the  condenser  and 
the  water  the  other,  while  the  glass  of  the 
bottle  formed  the  dielectric.  When  he  touched 
the  chain  in  the  water  with  the  other  hand, 
Ihc  discharge  took  place  through  his  body 
and  produced  the  shock.  A  more  practical 
form  of  this  sort  of  condenser  resulted  in 
the  so-called  Leyden  jar,  Fig.  377.  It  con- 
sists of  a  glass  jar  coated  about  two  thirds 
the  way  up  outside  and  inside  with  tin  foil. 
Through  an  insulating  top  passes  a  metal  rod, 
terminating  at  the  top  with  a  ball,  and  brought  into  connection 
with  the  inside  coating  by  means  of  a  light  flexible  wire  or  chain, 
attached  to  its  lower  end.  Its  capacity  is  approximately  expressed 
by  the  formula 

where  k  is  the  dielectric  constant  for  the  glass,  d  its  thickness,  and 
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S  the  area  of  either  coating  (supposed  equal).    If  the  jar  be  placed 
□n  an  insulating  stand  and  its  inner  coating  be  connected  with  a 
source  of  electricity,  it  will  take  only  a  comparatively  small  charge. 
If,  however,  its  outer  coating  be   grounded, 
the  charge  within  may  be  increased  many  fold. 

To  diacliargc  the  jar  safely  an  appliance 
called  a  discharger.  Fig.  378,  should  be  used. 
It  consists  of  a  pair  of  metal  rods  jointed  to- 
gether at  one  end,  their  other  ends  terminat- 
ing in  small  balls.  The  jointed  end  is  at- 
tached to  an  insulating  handle.  To  discharge 
a  jar  the  discharger  is  opened  up  and  one 
ball  placed  in  contact  with  the  outside  coat, 
while  the  other  is  brought  up  til!  it  touches 
the  ball  of  the  jar.  Just  before  touching,  a 
spark  will  pass,  indicating  that  the  jar  is  discharged. 

603,  Besidnal  Charges.  Dielectric  Strain.  It  frequently  happens 
that  after  the  first  main  discharge  of  a  condenser  one  or  two 
more  progressively  smaller  residual  ones  may  be  obtained  after 
brief  intervals.  This  is  a  very  important  phenomenon  and  one 
that  is  very  difficult  to  explain  without  taking  account  of  the  state 
of  the  dielectric.  According  to  Faraday's  view  the  dielectric  be- 
tween the  plates  of  a  charged  condenser  (and,  in  fact,  a  dielectric 
in  any  electrical  field)  is  in  a  state  of  strain.  Now  we  have  al- 
ready found  (§179)  thai  many  substances  show  "elastic  after- 
effects "  when  released  from  a  state  of  strain ;  and  it  is  a  re- 
markable fact  that  such  substances  (and  only  they),  when  used 
as  dielectrics  in  a  condenser,  give  rise  to  residua!  charges.  This 
is  strong  evidence  for  the  view  that  electrification  is  essentially 
a  state  of  strain  in  the  dielectric  or  in  the  ether  that  permeates  all 

The  importance  of  the  dielectric  may  also  be  shown  in  a  strik- 
ing manner  by  means  of  a  "  dissect  able  "  Leyden  jar.  Fig.  379. 
1I  represents  the  jar  assembled  and  resting  on  an  insulating 
pad.  Suppose  it  to  be  charged,  the  outer  coating  being  grounded 
during  the  process.  The  inner  and  outer  coatings  consist  of  rigid 
tliin  metal  cups,  fitting  but  not  fastened  to  the  larger  glass  tumbler 
wliich  serves  as  the  dielectric.     If  now  the  inner  coat  D  be  lifted 
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oat  hj  noQ-condoctiii^  tongs*  it  is  fomid  oo  testing  to  be  qinle 
midiargcd.    Next  B  may  be  lifted  free  from  the  outer  coating  C, 
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when  the  latter  will  be  foond  also  to  be  micharged.     If  C  and  D  eTCO 
be  touched  together  no  spark  passes.    If  now  C  be  placed  on  the 
insulating  stand  and  B  be  set  in  it  and  D  within  B,  the  whole 
being  restored  as  at  first,  the  complete  jar  will  be  found  charged 
as  before  it  was  taken  apart,  for  on  using  the  discharger  a  heavy 
spark  may  pass  between  the  knobs.    Thus  what  we  speak  of  as 
charges  on  the  plates  is  essentially  a  condition  of  the  dielectric 
Similar  evidence  is  afforded  by  some  experiments  of  Kerr.    It  is 
sho\%*n  in  the  discussion  of  polarized  Hght  (§  537)  that  when  an 
isotropic  body  is  placed  between  two  crossed  Nicol  prisms,  no 
light  passes  through  the  second  prism.    If,  however,  the  body  be 
put  into  a  state  of  strain  by  any  means  whatever,  it  becomes  tem- 
porarily double  refracting,  and  the  light  incident  on  the  analyzing 
Nicol  is  partly  transmitted.    Kerr  tried  the  effect  of  a  strong 
electrical  field  on  carbon  bisulphide  through  which  a  beam  of 
polarized  light  was  passing,  the  light  being  quenched  by  the  ana- 
lyzing Nicol  before  the  electrical  field  was  present    The  presence 
of  the  field  was  always  accompanied  by  a  transmission  of  a  part 
of  the  light  through  the  second  prism,  the  intensity  being  depen- 
dent on  the  strength  of  the  field. 

604.  Dielectric  Ck>n8taiit8.  In  a  number  of  our  formulas  we 
have  already  introduced  a  value  k,  which  we  have  called  the 
dielectric  constant  of  the  medium,  and  we  are  in  a  position  now 
to  explain  a  little  more  definitely  how  it  is  measured.  Cavendish 
discovered,  about  1775,  that  the  inductive  effect  was  different  for 
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iferent  media  and  therefore  we  should  expect  the  capacity  of  a 
condenser,  to  depend  on  the  particular  dielectric  separating  its 
plates  (§583).  The  term  dielectric  constant  was  suggested  by 
Maxwell  and  may  be  defined  as  the  ratio  of  the  capacity  of  any 
condenser  using  a  given  substance  as  a  dielectric  to  the  capacity 
of  a  similar  condenser  having  air  for  the  dielectric.  This  was 
called  by  Faraday  the  specific  inductive  capacity  of  the  dielectric. 
Cavendish  and  Faraday  measured  experimentally  the  constants  of 
various  media.  Some  of  the  values  obtained  by  these  and  other 
observers  are  given  in  the  following  table.  As  ihe  values  depend, 
in  the  case  of  solids  at  least,  on  the  physical  condition  of  the 
samples,  as  well  as  on  the  duration  of  the  charge  employed  in  the 
test,  those  in  the  table  can  be  only  approximate. 

The  measurements  arc  made  by  using  the  various  substances 
as  dielectrics  in  condensers  otherwise  similar  and  comparing  the 
resulting  capacities.     Many  other  methods  have  also  been  used. 

S%bslanee  t 

Mica 8.0 

Glus    6.0 

Shellac 3.5 

Sulphur   3-0 

Petroleum   3.0 

Beiuine   a.s 


t 


\ 


Turpentine    3,0 

Uoworing  Infltrnmenta.  Electriul  Hachiae. 
606.  ElectrometeTS.  These  instruments,  as  the  name  indicates, 
arc  for  measuring  certain  electrica.1  quantities,  notably  potential 
differences.  Some  such  instruments  give  a  measure  of  the  polen* 
tial  differences  of  two  bodies  in  terms  of  other  easily  measured 
quantities,  such  as  force,  distance,  and  so  on.  These  are  called 
absolute  electrometers.  Other  electrometers  merely  enable  us  to 
compare  the  potential  differences  of  two  bodies  with  that  of  two 
Other  bodies  (such  as  the  poles  of  a  standard  cell,  §656).  The 
■lost  valuable  instruments  of  this  sort  were  invented  by  Lord 
ilCelvin  and  may  be  illustrated  by  describing  two  types,  the  at- 
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traded  disc  electrometer  which  serves  for  comparing  potential 
differences,  and  the  quadrant  electrometer. 

606.  The  AbBolnte  Elecferometer.  Fig.  380  will  make  clear  the 
general  principle  of  the  attracted  disc  instrument  AB  and  CD 
are  two  round  conducting  plates  separated  by  a  variable  dis- 
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Fig.  380. 

m 

tance,  d,  which  can  be  accurately  measured.    A  central  circular 
part,  a,  of  AB  is  cut  out,  and  while  electrically  connected  with 
the  rest  oi  AB  is  movable  up  and  down  in  the  opening,  being  sus- 
pended from  one  end  of  a  balance  beam.    By  means  of  sights 
adapted  for  the  purpose,  a  can  be  adjusted  accurately  to  the  plane 
oi  AB  when  necessary.    Practically  AB  and  CD  act  as  the  two 
plates  of  an  air  condenser,  the  field  being  very  uniform  for  the 
central  part  a.    The  ring  part  of  the  upper  plate  is  retained  only 
as  a  guard  ring  to  insure  the  uniformity  of  the  electric  field  be- 
tween a  and  the  corresponding  part  of  CD,    When  no  charge  is 
present,  a  is  exactly  balanced  in  the  plane  of  AB  by  the  empty 
pan  at  the  other  end  of  the  beam.    When  the  plates  are  charged, 
weights  are  put  in  the  pan  just  sufficient  to  balance  the  force  F 
of  attraction  of  a  by  CD.    In  order  to  use  the  instnunent  for 
measuring  the  potential  difference  between  two  points,  AB  (with 
a)  is  connected  with  one  of  the  points  and  CD  with  the  other, 
so  that  one  of  the  plates  will  be  charged  positively  and  the  other 
negatively,    a  then  will  be  pulled  down  and  the  weights  necessary 
to  keep  a  in  place  will  measure  this  attraction,  F.    From  this  the 
potential  difference  can  be  calculated. 

The  formula  is  derived  as  follows :     The  capacity  of  the  parallel  platei 
at  a  distance  apart  of  d  centimeters  in  air  is 
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The  eiierE7  required  to  charge  the  condeoser  is 

E  =  iyC.   (I  588),  =f"a/6wd 

in  wbich  V  denotes  the  potential  difference  between  the  plates.  The 
eneTE7  of  the  charged  condenser  is  also  equal  to  the  work  that  the  force 
F  (}  6oi)  would  do  in  drawing  the  plates  together  until  they  come  into  con- 
tact and  their  energy  is  reduced  to  zero-  Hence  E  =  Fd.  Eiiuatiiig  these 
values  of  E  and  solving  for  V,  wc  get 


in  which  d,  F,  and  a  are  measured  experimentally  in  C.G.S.  units. 
607.  Tha  Qnftdraat  El»ctrom6t«r.    This  instrument  is  shown  in 
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^ig.  381.  The  essential  features  are  a  circular  thin  metal  box 
mounted  horizontally  on  insulating  pillars  with  a  central  vertical 
hole  thnmgh  it.    The  box  is  also  divided  into  quadrants  by  mu- 
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tually  rectangular  radial  cuts.    Suspended  within  the  box  by  a 
torsion  fiber  is  a  light  flat  conducting  disc  of  the  shape  shown  in 
dotted  line.  Fig.  382.    Below  this  "  needle/'  as  it  is  called,  extends 
a  fine  platinum  wire  which  dips  into  a  bath  of  sulphuric  add  placed 
in  the  base  of  the  instrument    The  dish  containing  the  add  is 
coated  on  the  outside  part  way  up  with  foil,  and  the  whole  forms 
a  small  condenser  for  charging  the  needle  and  keeping  it  charged. 
For  this  purpose  a  connection  from  without  also  dips  into  the  add. 
The  acid  further  performs  the  extra  service  of  keeping  the  in- 
strument quite  dry.    The  diagonally  opposite  pairs  of  quadrants 
are  connected  together  and  carefully  insulated  connections  are 
brought  to  the  outside  of  the  case  as  shown.    The  indications  of 
the  instrument  are  noted  by  reflecting  light  from  a  fixed  scale  by 
means  of  a  small  mirror  attached  to  the  stem  of  the  needle  jnst 
above  the  case.    When  the  pairs  of  opposite  quadrants  are  at  the 
same  potential,  the  needle  is  so  adjusted  as  to  be  placed  S3rmmetri- 
cally  with  reference  to  the  quadrants,  as  shown  in  Fig.  382.    If, 
however,  the  diagonal  pairs  are  at  different  potentials,  the  charged 
needle  will  rotate  in  such  direction  as  to  minimize  the  energy  re- 
quired to  charge  the  instrument.    It  will  be  noted  that  the  action 
is  like  that  of  a  Rouble  air  condenser,  the  needle  being  one  plate 
and  either  of  the  pairs  of  quadrants  being  the   other.    If  the 
quadrants  be  charged  as  indicated  in  the  figure,  the  needle  being 
positive,   the  latter  will  rotate  clockwise  till   the   couple  due  to 
the  quadrants  is  just  balanced  by  the  torsion  developed  in  the 
suspension.     It  can  be  shown  mathematically  that  if  the  needle  be 
at  a  very  high  potential  compared  with  that  of  the  quadrants,  the 
deflection  of  the  needle  is  directly  proportional  to  the  potential 
difference  between  the  pairs  of  quadrants.     Hence  to  calibrate  the 
instrument  the  deflection  produced  by  any  known   potential  dif- 
ference is  noted  and  from  this  the  potential  producing  any  observed 
deflection  may  be  calculated.    A  much  simplified  form  of  quadrant 
electrometer,  called  the  Dolezalek  electrometer,  is  now  in  common 
use. 

608.  Electrical  Machines.  The  modern  machines  for  producing 
electrification  or  electric  charges  continuously,  and  in  far  larger 
quantities  than  can  be  produced  by  simply  rubbing  two  dissimilar 
bodies  together  and  separating  them,  are  the  result  of  the  evolu- 
tion and  of  the  aggregation  of  devices  by  many  experimenters 
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extending  for  nearly  150  years.  The  earlier  ones  were  called 
frictionai  machines,  because  it  was  believed  Ihat  Ihc  friction  pro- 
duced by  the  rubbing  was  an  essential  feature  of  the  process. 
This,  however,  is  not  the  case  and  the  most  efficient  machines  of 
llie  present  day  are  active  entirely  by  induction.* 

609.  The  EloctrophoniB.  The  simplest  induclion  machine  is  the 
eleclrophorus  of  Volta  (1775).  It  consists  of  a  metal  pan,  a,  filled 
wilh  a  dielectric  solid  such  as  hard  rubber 
or  sealing  wax,  6,  Fig.  383.  A  non-hygro- 
scopic substance  is  preferable.  Upon  this  is 
placed  a  smaller  metal  disc,  c,  furnished  with 
an  insulating  handle  d.  To  use  the  device,  c 
is  removed  and  h  is  electrified  by  stroking  it 
vigorously  with  fur  or  Hannel.  H  now  c  be 
replaced,  the  charge  on  b  will  act  inductively 
on  c  attracting  an  opposite  charge  to  the  lower 
surface  and  repelling  an  equal  similar  charge 
to  the  upper  surface.  If  now  the  upper  surface  be  "grounded" 
for  an  instant,  by  touching  with  the  finger  for  example,  the  re- 
pelled charge  will  escape  and  the  disc  c  on  removal  will  be  found  to 
have  a  free  charge  on  it  opposite  in  kind  to  that  on  b.  c  may  now 
be  discharged  and  replaced  on  b  when  the  process  may  be  repeated. 
Since  fc  is  a  non-conductor  and  the  contact  between  it  and  c  is 
never  good,  its  charge  will  remain  practically  undiminished  and 
an  indetinite  number  of  charges  may  be  drawn  from  c. 

810.  The  Wimshnrat  Machine.  By  applying  the  electrophonis 
principle  to  a  rotating  plate,  Holtz  in  1864  constructed  a  gen- 
erator which  would  produce  a  continuous  electric  discharge  as 
long  as  the  rotation  was  kept  up.  The  inductive  charging  and 
conductive  discharging  were  brought  about  automatically.  The 
early  Holti  machine  was  improved  by  Toe  pier,  Voss,  Wimshurst 
and  others. 

The  construction  of  the  Wimshurst  machine  is  quite  simple  and 
consists  of  two  circular  glass  plates,  each  with  a  number  of  radial 
conducting  sectors  on  the  outside,  and  capable  of  rotating  in  oppo- 
site directions.  The  sectors  act  both  as  carriers  and  as  inductors. 
Each  plate  has  a  diagonal  conductor  tipped  at  each  end  with  a 

■  For   a   dfscription   of   the   BO-called   friclionst   electric    machines   now 
e  ia  practice  Ibe  ttudent  ii  referred  to  earlier  l>ooki  on  the  lubject 
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brush  for  making  contact  with  the  sectors  as  they  pass.  These 
conductors  arc  at  right  angles  with  «ach  other  anH  inclined  it 
about  45°  to  the  vertical.  There  is  also  a  collecting-  circuit  with 
combs  facing  ihc  plates,  the  capacity  of  which  is  usually  increaxd 
by  Leyden  jars, 

A  very  ingenious  diagram  suggested  by  S.  P.  Thompson,  F^ 
384,  will  make  the  action  of  the  machine  clear.  The  sectors  on  lh< 
back  plate  arc  shown  in  dia- 
gram by  the  outer  row,  wbiie 
the  inner  row  rcpreMotJ 
those  on  the  front  plate.  Tlie 
two  diagonal  conductors  are 
shown  at  ab  and  cd.  Thou 
carriers  from  which  arrows 
extend  arc  positively  charg- 
ed, while  those  towards 
which  arrows  point  are  neg- 
atively charged,  the  number 
of  arrows  indicating  the 
amount  of  charge.  A*  the 
front  sector  a  passes  into  the 
position  shown,  it  is  influ- 
enced by  the  positive  seder 
the  back  plate,  but  at  the  same  time  it  is  touched 
positive  charge  flows  from  a  to  fc  through 'the 


opposite  to  It 
by  the  brush 

conductor,  the  sector,  therefore,  passing  along  with  3  negaliv 
charge.  At  the  same  time  and  for  the  same  reason  the  sector  al 
b  is  positively  charged.  It  is  thus  clear  that  the  front  sectors 
advance  from  the  brushes,  the  upper  ones  negatively  and  the  lowef 
ones  positively  charged.  The  diagonal  conductor  of  the  back 
plate  intermediately  produces  the  same  result  as  can  be  follownl 
out  from  what  has  been  said.  The  sectors  of  both  plates,  there- 
fore, pass  the  combs  of  the  horizontal  circuit  with  like  charges, 
positive  on  the  left-hand  side  and  negative  on  the  right,  tbm 
charging  them  inductively  by  causing  discharges  from  their  points. 
Prior  lo  i8cj6,  when  ihe  Rontgen  rays  were  discovered.  liMJe  use  "M 
made  of  these  machines  except  tor  e«perimenlal  purposes  and  no  greal 
power  was  sougbt  for  in  their  construction.  Most  oE  the  larger  macbina 
consisted  of  only  two  plates  about  two  feet  in  diameter  capable  oC  giving 


a  nearly  conlinuous  ihreadUke  discharge  eight  lo  ten  inches  long.  Soon 
after  Rontgen's  discovery,  however,  it  became  the  desire  of  all  eiperi- 
menlers  to  develop  as  powerful  rays  as  possible  and  these  induction  ma- 
chines began  to  be  consltucled  of  large  and  numerous  plates  for  exciting 
the  "tubes"  used  in  developing  the  rays.  Machines  consisting  of  many 
plates  increased  the  quantity  of  the  discbarge  per  unit  of  lime  but  not  the 
difference  of  potential- 


Atmospheric  Electricitjr. 
611.  Identity  of  Lishtning  and  tbe  Spark.  .\  lighlning  flash, 
like  the  spark  from  a  condenser,  is  simply  ihe  disruptive  discharge 
between  opposed  surfaces  highly  electrified.  In  each  case  the 
spark  passes,  when  the  accumulation  of  electricity  is  sufficient  to 
cause  the  difference  of  potential  between  the  surfaces  to  be  too 
great  for  the  dielectric  strength  of  the  intervening  tnedium.  When 
this  occurs  the  dielectric  breaks  down  and  the  discharge  results. 
Franklin  in  1749  studied  the  subject  and  entimeraied  many  points 
of  sitnilarity  between  the  spark  discharge  and  lightning.  In  the 
of   1752  he  performed  the  novw  famous  kite  experiment,  by 
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means  of  which  he  was  able  during  a  thunder  storm  to  draw 
charges  from  the  clouds,  and  to  perform  the  same  experiments  with 
ihem  as  with  the  sparks  from  his  machines.  In  recent  years  the 
two    phenomena    have   been   compared   photographically    and    the 

^elose  similariiy  in  the  photographs  of  a  lightning  flash.  Fig.  385, 

I  of  a  spark  from  an  induction   machine.  Fig.  386.   furnishes 

r  evidence  that  Ihe  two  are  identical.     (The  lightning  pholo- 

I'graph  was  taken  by  W.  N.  Jennings,  of  Philadelphia,  in  1892;  that 
"Of  the  induction  spark  by  the  author.)  No  attempt  is  made  in  the 
present  work  at  an  exhaustive  account  of  the  phenomena  of  atmos- 
pheric electricity  or  their  causes.  For  such  the  student  is  referred 
lo  books  on  meteorology. 

Jtul  I10V  the  air  becomes  charged  is  jret  somewhat  of  an  open  queition 
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though  a  number  of  utplanattons  lave  been  offered.  The  function  of  the 
clouds,  bowever,  aecitis  clear.  By  (heir  very  act  of  forming  ihey  serve  to 
COncenlrale  into  special  regions  the  diffused  electricily  of  the  air  and 
thereby  gradually  to  cause  a  great  potential  difference  between  the  clauds 
and  the  earth,  or  perhaps  between  two  clouds  themselves.  Cloud  formation, 
perhaps,  consists  in  the  gradual  coalescing  into  larger  globules  of  the  water 
vapor  at  first  more  or  less  uniformly  diffused  in  the  air.  Assuming  each 
particle  of  the  water  vapor  to  bave  an  initial  small  charge,  it  ia  easy  to  see 
how  the  combination  of  a  large  number  of  them  into  one  drop  must  result  in 
raising  its  potential  to  a  very  high  value.  If  we  consider  1,000  such  par- 
ticles, each  with  a  charge  which  may  be  denoted  by  unity,  to  combine  to 
form  a  single  drop,  the  diameter  of  Ibis  drop  will  be  only  10  limes  that  of 
one  of  its  particles,  while  its  charge  will  be  1.000  times  as  great.  Now  the 
capacity  of  a  sphere  is  proportional  10  its  radius.  Hence  the  potential  will 
be  raised  too  times  by  the  combination,  since  V  ^  Q/C.  It  is  clear,  then, 
since  the  initial  charged  particles  are  exceedingly  small  as  compared  even 
with  one  of  the  globules  which  go  to  form  a  cloud,  that  the  high  potential 
needed  to  account  for  a  lightning  flash  may  be  explained  in  this  way.  The 
Aurora  (Northern  light)  is  due  l_o  electric  discharges  in  the  upper  air  but 
the  full  explanation  is  uncertain.  The  polenlial  of  the  air  is  different 
from  thai  of  the  earth.  In  line  weather  it  is  positive  and  increases  >t  » 
rate  of  50  or  60  volts  per  foot  of  ascent.  In  stormy  weather  it  ia  umally 
negative.  Points  on  the  surface  of  the  earth  may  differ  lemporarily  in 
polenlial  and  this  difference  gives  rise  (o  troublesome  currents  in  telegraph 
wires  called  carik   cvrretils. 

612.  Piotectioa  Fiom  Ltglitiilikg.  Franklin  in  1749  Grst  suggested 
pointed  iron  rods  attached  to  the  higher  parts  of  buildings  and  connected 
Id  the  ground  as  a  protection  from  damage  by  lightning.  While  public 
sentiment  bolh  for  and  against  the  use  of  Uehlning  rods  has  at  different 
times  been  strong,  there  seems  to  be  no  doubl  that  to  use  improperly  con- 
structed or  ill-adjusted  rods  is  far  more  dangerous  to  property  than  to  do 
without  them  altogetber.  Lodge  called  attention  a  few  years  ago  to  the  tact 
that  it  is  nol  enough  for  a  conductor  to  project  above  the  building  and  ter- 
minate in  a  sharp  point,  that  even  more  was  essential  than  that  it  should  be 
a  good  conductor  of  large  cross-seclion  and  be  well  grounded.  All  these 
are  necessary  bul  not  sufficient  conditions.  As  a  spark  discharge  is  oscilla- 
tory (t  713),  50  is  a  lightning  flaah  and  such  discharges  have  been  shown 
to  confine  themselves  lo  a  rather  thin  layer  of  the  conductor. — thinner  in 
the  case  of  iron  than  in  Ihat  of  copper.  A  large  outside  surface,  then,  ii 
preferable  to  area  of  croES. section.  In  other  words,  3.  tube  is  just  ai  good 
aa  a  solid  rod  of  the  same  diameter,  and  iron  is  better  than  copper. 
Forth erm ore,  sharp  bends  and  angles  should  be  avoided  and  the  conductor 
should  get  to  ground  by  the  most  direct  course.  The  conductor  should  be 
^  connected  with  a  large  plate  or  grid  buried  deep  in  moist  earth.     The  water 
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IWitning  rod.    It  U  wtfl 
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ELECTROKIXETICS. 
Contmaotu  CondnctwB  of  (%ui«. 
613.  The  Electric  Coirent.     Tbiu  or  wc  haw 


the  head  of  Electrostatics  only  the  f 
at  rest,  any  motion  being  rtrj  ten 
of  almost  instantaneous  separatkn  or  oaioa  of  two  equal  and  op- 
posite charges.  Redistribp^ioti  of  tiurgu  oa  cooduetors  due  to 
induction  has  also  been  studied  in  die  same  coonectioa.  The  phe- 
nomena of  electricity  in  motion  nav  be  explained  by  snpposing 
that  whenever  a  conductor  joins  two  points  at  different  potestiab  a 
transfer  of  electricity  called  an  eUetrie  cmrrent  always  takes  place, 
a  positive  charge  moving  from  the  point  at  higher  potential  to  that 
at  lower,  thereby  determining  the  direction  of  the  currtni,  and  a 
negative  charge  moving  from  a  place  of  low  to  one  of  high  poten- 
tial. The  current  continues  till  both  points  and,  in  fact,  all  points 
on  the  conductor  are  at  the  same  potential.  It  will  therefore  be 
only  brief  unless  the  two  points  are  in  some  way  kept  at  different 
potentials.  In  this  case  the  current  is  continuous  and  tf  the  poten* 
lial  difference  be  maintained  constant,  the  current  strength  will 
be  constant  also,  if  the  conductor  is  in  no  way  changed.  Eleetro- 
kinelics  therefore  treats  of  electric  charges  in  motion,  or  briefly  of 
electric  currents.  The  term  current  was  adopted  when  it  was  sup- 
posed that  electricity  was  some  sort  of  a  fluid  and  actually  flowcl 
through  a  wire  just  as  a  liquid  flows  through  a  pipe  from  a  place 
of  higher  to  one  of  lower  level.  More  modern  views  on  the  sub- 
ject agree,  however,  that  the  medium  surrounding  the  conductor 
plays  a  very  important  part  in  all  cases  of  electric  flow.  In  fact 
the  surrounding  dielectric  is  the  medium  by  which  energy  is  trans- 
ferred from  one  place  to  another  by  so-called  electric  currents, 
This  will  be  clearer  when  the  magnetic  fields  accompanying  cur- 

1  rents  have  been  demonstrated  and  discussed. 
The  magnitude  of  the  current  is  the  quantity  of  electricity  which 
passes  a  given  section  of  a  conductor  per  second.     If  this  quantity 
per  second  is  constant,  the  conductor  is  said  to  be  traversed  by  a 
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auTcnl  of  coosUnt  itrcnstb.  By  quantity  of  dectridly  «re  here 
mean  the  sum  of  ibe  positive  transfer  in  one  direction  and  the 
negative  in  the  other  direction.  Now  a  flow  of  negative  in  any 
direction  is  equivalent  in  its  effects  to  an  equal  flow  of  positive 
in  the  opposite  direction.  Hence  for  convenience,  until  we  come 
to  cnrrcnts  through  fluids,  we  may  now  drop  all  reference  to  the 
negative  stream  and  suppose  it  replaced  by  an  equal  positive  stream 
in  the  opposite  direction. 

61<.  Hftgnetic  Field  due  to  a  Oorrent.  The  first  to  discover  any 
relation  between  a  magnet  and  an  electric  current  was  Oersted 
(in  1819).  In  that  year  he  discovered  that  in  general  if  a  current 
be  sent  through  any  conductor  near  a  suspended  magnetic  needle, 
the  magnet  is  deflected  from  its  natural  position,  that  the  amount 
of  deflection  depends  on  the  relative  positions  and  proximity  of  the 
two,  and  that  the  direction  of  the  deflection  depends  on  the  direc- 
tion of  the  current.     Suppose  the  current  in  AB,  Fig.  387,  to  be 


sent  from  south  to  north  in  a  straight  wire  placed  vertically  above 
the  magnetic  needle,  NS,  which  is  initially  in  the  magnetic  merid- 
ian. There  will  be  a  deflection  of  the  north  pole  towards  the  west. 
If  the  current  be  reversed  so  will  the  deflection,  the  JV  end  moving 
now  lo  the  east.  If  the  wire  be  placed  below  the  needle  instead 
of  above  it,  the  same  change  in  the  direction  of  deflection  occurs 
as  by  reversing  the  current.  Again  if  the  relative  positions  of 
current  and  magnet  be  as  shown  in  I"ig.  388,  AB  being  vertical,  the 
N  pole  will  turn  west,  being  deflected  east  if  either  the  current  is 
reversed  in  direction  in  its  present  position  or  if  AB  be  moved  to 
the  other  end  of  the  magnet.  From  these  experiments,  it  is  clear 
that  if  the  needle  be  surrounded  by  a  vertical  loop  or  coil  of  wire 
in  its  own  plane  as  in  Fig.  389.  the  effect  of  the  current  in  each 
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part  of  the  coil  will  be  to  produce  a  deflection  of  ihc  needle  in 
the  same  direclion.  Wc  shall  return  lo  this  point  later  (S627). 
■The  above  experiments  furnish  strong  evidence  that  there  is  a 
'■magnetic  field  associated  with  a  current-bearing  conductor.  This 
is  demonstrated  graphically  by  leading  a  vertical  wire  which  carries 
a  current  through  a  small  hole  in  a  horizontal  glass  plate,  upon 
which  has  been  sifted  iron  fillings.  If  the  plate  be  tapped  gently 
several  times,  the  filrngs  will  assume  curved  lines  just  as  in  similar 
experiments  with  magnets  (§551)-  Fig-  390  shows  the  lines  of 
such  a  field.  In  the  present  case  the  curves  will  be  seen  to  be  con- 
centric circles,  the  wire  passing  through  the  center  of  the  system. 
The  direction  of  the  lines  may  be  determined  by  testing  with  a 
small  suspended  or  poised  magnetic  needle.  It  will  be  found  that, 
if  the  current  be  flowing  in  a  direclion  from   below  the   paper 
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upward,  the  lest  magnet  will  rotate  and  place  its  axis  nearly  tan- 
gential to  the  circle  passing  through  its  center,  with  ils  W  pole 
pointing  in  such  a  direction  as  to  indicate  that  the  hnes  have  an 
clockwise  direction  about  the  current.  As  an  assistance  in 
remembering  the  direclion  of  deflection  of  a  magnet  when  in  the 
field  of  a  current  a  number  of  rules  have  been  devised.  The 
simplest  and  most  instructive  of  these  is,  perhaps,  the  rule  given 
To  determine  the  direction  of  the  lines  of  force  around 
a  current,  recall  the  picture  of  an  advancing  right-handed  screw; 
the  current  flowing  in  the  direction  the  screw  advances,  the  circu- 
lar lines  will  be  in  the  direction  in  which  the  screw  rotates.  This 
rule  will  be  found  very  useful. 
While  in  the  above  we  have  referred  solely  to  ordinary  or  ao- 
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called  conduction  currents,  it  must  be  understood  that,  as  dis- 
covered by  Rowland,  a  charge  of  electricity  on  a  moving  body 
is  equivalent  to  a  current  ev,  where  e  is  the  amount  of  the 
charge  and  v  the  speed  of  the  carrier.  Such  a  current  is  called  a 
convection  current.  A  third  form  of  current,  called  a  displac 
went  current  (Maxwell),  is  produced  in  a  dielectric  when  the 
latter  is  in  a  varying  electric  field.  This  form  of  current  plays 
a  very  important  part  in  the  transmission  of  electric  waves  (§  714). 
615.  The  C.  G.  S.  Xnectromagnetic  Unit  of  Cnrrest.  We  have 
already  defined  (§575)  the  C.  G.  S.  electrostatic  unit  of  elec- 
tricity, and  a  C,  G.  S.  electrostatic  unit  of  current  is  flowing  when 
the  C.  G.  S.  unit  of  quantity  passes  a  given  cross-section  of  the 
conductor  per  second.  From  these  has  been  built  up  a  system  of 
electrical  units  known  as  the  electrostatic  system.  It  has  been 
found,  however,  desirable  in  practice  to  make  use  of  the  magnetic 
effects  just  described  as  basis  for  a  system  of  electrical  units  known 
as  the  C,  G.  S.  electromagnetic  system.  We. shall  establish  this 
system  upon  the  definition  of  the  unit  magnetic  pole,  by  defini 
first  the  electromagnetic  unit  of  current  strength.  Suppose  a  wire 
carrying  a  current  to  be  bent  into  the  arc  of  a  circle  of  c 
meter  in  radius,  a  unit  positive  magnetic  pole  being  placed  at  the 
center.  If  the  current  be  of  such  a  strength  that  each  centimeter 
length  of  it  exerts  a  force  of  one  dyne  on  the  pole,  the  c 
one  C.  G.  S.  electromagnetic  unit  of  current.  Thus  \ 
the  static  system  of  electrical  units  is  based  upon  the  definition 
of  a  unit  charge,  while  the  magnetic  system  is  based  upon  the 
definition  of  a  unit  magnetic  pole.  For  practical  purposes  the 
unit  of  current  above  defined  is  found  to  be  too  large  for  c 
venience,  and  one  tenth  of  it  is  used  in  practice  and  is  called  the 
ampere.  If  a  unit  current  flow  in  a  conductor,  a  unit  quantity  of 
electricity  will  flow  across  each  section  of  the  conductor  per  sec- 
ond. If  the  current  be  one  ampere  the  quantity  will  be  one  cou- 
lomb, which  is  therefore  the  practical  unit  of  electrical  quantity, 
It  is  one-tenth  of  C.  G.  S.  electromagnetic  unit  of  quantity. 

616.  Electromotive-force.  Newloji  defined  force  as  anything 
that  tends  to  move  matter.  By  analogy  then  that  which  moves  or 
tends  to  move  electricity  may  be  called  electromotive-force  (E.  M. 
F.)   (but  it  is  not  force  in  the  mechanical  sense,  see  dimensions 
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720).  A  potential  difference  between  two  points  constitutes  an 
E.  M.  F.,  the  magnitade  of  which  equals  this  difference  of  po- 
tentiaL 

The  C.  G.  5.  electromagnetic  unit  of  potential  diEFerence  or  of 
electromotive- force  exists  between  two  points,  if  one  erg  of  work 
must  be  done  on  an  electromagnetic  unit  quantity  of  electricity,  in 
moving  it  from  the  point  at  the  lower  potential  to  that  at  the 
higher.  This  is  far  too  small  for  practical  purposes  and  there- 
fore a  practical  unit  called  the  tvii,  10'  times  as  large,  has  been 
adopted. 

617.  Ohm's  IiAW.  The  strength  of  a  current  through  a  given 
conductor  depends  on  the  magnitude  of  the  E.  M.  F.  which  pro- 
duces the  current.  The  relation  which  the  magnitude  of  the  cur- 
rent bears  to  that  of  the  E.  M.  F.  is  extremely  simple  and  was 
first  discovered  by  Ohm.  The  magnitude  of  the  current  in  a  con- 
ductor is  proportional  to  the  magnitude  of  the  E.  M.  F.  or  poten- 
'erence,  or,  staled  as  a  formula. 


rhere  /?  is  a  constant  that  is  always  the  same  for  a  given  con- 
(nclor  (in  a  constant  physical  state)   but  different  for  different 
Fconductors.    The  value  of  R  for  any  conductor  is  called  the  resis- 
\  toMce  of  the  conductor.     The  resistance  of  a  conductor  is,  there- 
fore, defined  as  the  constant  ratio  of  the  E.  M.  F.  applied  to  a 
conductor  to  the  current  which  it  produces. 

For  many  purposes  it  is  more  convenient  to  write  Ohni's  Law 
in  the  form 

I  =  CE, 

where  C  is  a  constant  for  the  conductor  thai  carries  Ihe  current. 

Since  this  constant  C  is  proportional  to  the  current,  /,  which  the 
[body  conducts,  it  is  appropriately  called  the  conductance  of  the 
■^body,  and  it  may  be  defined  as  the  ratio  of  the  current  through 
Ks  conductor  to  the  E.  M.  F.  From  the  above  equation  it  follows 
Itiiat  C=  t/R.  If  /  is  measured  in  amperes  and  £  in  volls,  then 
I  £  is  expressed  in  the  corresponding  practical  units  of  teaistance. 
^he  practical  unit  of  resistance  is  called  an  ohm.    Since  an  am- 
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pere  is  io~^  absolute  electromagnetic  unit  and  the  volt  is  lo*  such 

units,  it  follows  that  the  ohm  must  be  equivalent  to  lo*  C.  G.  S. 

electromagnetic  units  of  resistance. 
Ohm*s  Law  is  of  fundamental  importance  and  has  been  tested 

with  great  care.    Chrystal  found  that  the  resistance  of  a  wire  for 

infinitely  weak  currents  did  not  differ  from  its  resistance  for  very 

strong  ones  by  lo"*  per  cent 
618.  Laplace's  Law.    A   very   convenient   expression    for   the 

magnetic  force  produced  by  any  small  part  of  a  current  was  sug- 
gested by  Laplace,  and  was  verified 
by   Ampere   by   numerous   ingenious 
experiments,  which  are  described  in 
/yi  p  more   complete    treatises.      Laplace's 

^yd«c'm«i  law  can  be  most  easily  expressed  by 

a  formula.     Let  dx  he  sl  short  part 
of  a  circuit  carrying  a  current  /.    If 

a  line  of  length  r,  drawn  from  a  point  P  to  the  middle  of  dx, 

makes  an  angle  a  with  dx,  the  magnetic  force  df,  at  P  due  to  the 


Fia  391. 


current  in  dx  is 


,  -      /i/x  sin  a 
df ^— 


Since  dx  sin  a  is  the  projection  of  dx  on  a  plane  perpendicular  to  r, 
it  is  evident  that  the  force  at  P  due  to  dx  depends  only  on  this 
projection.  This,  taken  along  with  the  right-handed-screw  rule, 
also  gives  us  the  direction  of  the  force  at  P  due  to  the  current 
in  dx, 

619.  Strength  of  Magnetic  Field  Due  to  a  Straight  Onrrent.  Con- 
sider a  part  AB  of  a  straight  conductor,  Fig.  392,  carrying  a  current  /  and 
a  point  P  so  located  that  PA  is  perpendicular  to  AB.  Then  the  force  at 
P  in  the  direction  PA  due  to  the  current  in  AB  will  evidently  be 


^_r     /r-^4r     ^/r  x_ T^/^j 


sin  APB 


If  now  AB  be  extended  indefinitely,  %\nAPB  will  approach  unity  as  a  limit 
Moreover,  if  the  lower  half  of  the  conductor  be  also  added,  then  the  force 
in  the  direction  PA  will  be  doubled  and  in  general  the  strength  of  the 
field  at  P  will  be 


FIELD  OF  CIRCULAR   CURRENT. 


Fig-  393  represents  a  cross-Bection  of  a  currenl  and  its  field  in  which  A 
is  (he  conductor,  the  diiecHou  of  the  current  being  from  below  upwards. 
Then  the  field  wilt  have  an  anii'Clockwise  direction  as  indicated  by   the 


Fic.  393- 

'Supposc  a  smatl  magnetic  needle  NS  brouKhl   into  the  field.     It 

e  itself  as  shown  (I  614)-     The  same  line  of  force  will  pass  Ihrough 

h  N  and  S,  and  the  farce  acting  on  each  may  be  resolved  into  two  com- 

I  Fig.  jgj,  one  parallel  to  the  magnet's  axis  and  the  other  perpen- 

to  it.    The  £rs(  pair  of  components  will  be  equal  and  oppoiile,  but 

t  other  pair,  though  c<[ua1.  will  he  in  the  laine  direction  and  will  tend 

lole   nearer   to   the  wire.     This   fact   will   be 

noticed  when  mapping   the  field  with   iron   filings   ( j  614)  ;    as  the   surface 

is  tapped  the  circles  will  gradvially  contract  in  size,  the  filings  all  moving 

620.  Wozk.  Done  In  Taking  a  Pole  of  Unit  BtTengtli  Azonnd  »  Cur- 
rent. Since  the  force  at  P,  Fig.  391,  is  aZ/r,  to  move  a  unit  pole  in  the  cir- 
cumference of  radius  r  completely  around  Ihc  current  will  require  work 
equal  to  2l/r  X  irr  ergs,  or  a^I  which  is  indeprndcHl  of  the  ditlanee. 
Hence  ihe  work  of  conveying  a  unit  pole  completely  around  a  current  by 
ony  pjlh  and  back  to  starting  point  is  constant  and  equal  lo  41/. 

621.  Strength  of  Field  dne  to  Clrcnlu  Current  Let  us  con- 
sider first  the  case  in  wliich  P  is  at  the  center  of  the  circle.  Then 
all  ihc  elements  of  the  current  being  at  a  distance  r  frotn  P. 


i 


2^1 


direction  being  tliat  of  a  perpendicular  to  tlie  plane  of  ttte  c\^  i 
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cle  and  through  P.    If  there  are  ft  turns  instead  of  one, 


/  = 


2i^I 


Let  P  be  located,  not  in  the  plane  of  the  coil,  but  on  the  axis  throtigfa  iti 
center  perpendicular  to  that  plane  (Fig.  394).  Consider  the  effect  of 
a  small  element  dl  of  the  current  at  A,    The  force  at  P  due  to  this  is 

and  its  direction  is  perpendicular  to  d  and  is  represented  by  Pb.    This 
force  Pb  may  be  replaced  by  two  mutually  perpendicular  components,  Pa 

and  Pc,  Pa  being  perpendicular  to  the 
axis  OP  and  the  other  along  this 
line.  If  the  same  reasoning  be  ap- 
plied to  the  element  of  current  at  B, 
diametrically  opposite  from  A,  its  in- 
fluence at  P  may  be  represented  by 
Pa^  and  Pc',  P(f  being  equal  and  oppo- 
site to  Pa,  but  Pc^  being  equal  and  in 
the  same  direction  as  Pc.  As  the  whole 
circuit  AB  can  be  divided  up  into  pain 
of  diametrically  opposite  elements  to 
which  the  same  reasoning  can  be  ap- 
plied, it  follows  that  the  Pa  components  all  sum  up  to  zero,  while  the 
Pc  components  are  all  additive  in  the  direction  OP.  Since  Ff  = 
Pb  sin  a,  the  total  effect  due  to  the  whole  circuit  is 


4. 


Fio.  394. 


^,  =  5/'-P/sin„=/£?^»./=/J./  =  - 


27rr*if/ 


As  a  special  case  this  reduces  to  21ml /r  when  A  =  o,  s.  e,,  when  P  moves 
up  to  O,  a  result  obtained  above. 


Electromagnetic  Effects. 

622.  Action  Between  a  Magnet  Field  and  a  Current  Field.   We 

have  just  seen  (§614)  that  if  a  magnet  be  brought  near  a  con- 
ductor bearing  a  current,  it  is  acted  on  by  a  force  causing  it  to 
place  itself  in  a  particular  way.  Now,  since  action  and  reaction 
are  equal  and  opposite,  if  the  magnet  be  not  allowed  to  adjust 
itself  into  a  position  of  equilibrium  with  reference  to  the  current 


ELECT  ROMAGN'ET]C 


£eld,  there  must  be  a  force  tending  to  move  the  conductor  so 
'that  by  its  motion  the  relative  positions  of  the  magnet  and  con- 
ductor may  be  properly  adjusted. 

Suppose  the  magnetic  field  to  be  rather  strong  and  uniform 
(Fig.  395  A),  and  let  the  conductor  extend  perpendicular  to  it,  the 
current  flowing  from  above  downward  (B).  The  current  lines 
are  circles  and  have  a  clockwise  direction.  Now  suppose  the  two 
fields  to  be  superposed  (C),  evidently  the  field  will  be  strength- 
ened above  the  wire  and  weakened  below  it.  The  direction  of  the 
resultant  field  will  be  changed  at  all  points  except  at  those  in  a 
meridian   plane  AB  containing  the   wire.     At   each  point,   as  at 


,  its  direction  and  magnitude  will  depend  on  the  two  components, 
that  of  the  magnet  field  and  that  of  the  current  field,  which  to- 
gether determine  the  resultant  field  at  the  point.  It  follows  from 
this,  and  from  the  tendency  of  lines  of  force  to  contract,  that 
there  will  be  a  resultant  force  tending  to  move  the  wire  in  the 
direction  AB.  A  rule  suggested  by  Fleming  enables  one  to  re- 
member the  direction  of  this  force.  If  the  forefinger  of  the  left 
hand  be  held  extended  in  the  direction  of  the  magnetic  field,  and 
the  middle  finger  point  in  the  direction  of  the  current,  the  direc- 
tion of  the  outstretched  thumb  shows  the  direction  of  the  resultant 
force.  This  is  evidently  in  the  direction  perpendicular  both  to 
the  current  and  to  the  field.  It  was  shown  with  great  care  by  Am- 
pere that  the  force  developed  on  a  conductor  of  length  /  carrying  a 
current  of  strength  /  perpendicular  to  a  field  H.  is  IIH.  If  the 
conductor  be  not  perpendicular  to  tlie  field,  the  force  will  be  pro- 
portional to  the  cosine  of  its  inclination  to  this  direction. 


ill  be  pro-  J 


SjS  Eifcnicmr  axd  magnetism. 

Fran  this  it  is  clear  thai  the  cnrrent  strength  in  C.  G.  S.  mnH 
b  mnnerkalh-  cqoal  to  ibe  force  in  djnes  with  which  a  unit  m^ 
Dctic  fi«M  tends  to  more  one  centimeter  length  of  the  conductor 
carmng  the  durvnt, 

OSl  Tht  SakMii.  In  S  621  we  discussed  the  strength  of  tk 
magnetic  field  at  rarioas  points  on  the  axis  of  a  circular  ctureoL 
Sopposc  now  we  have  a  nnmber  of  such  circles  all  on  the  samt 
axis  and  arrai^cd  so  that  a  current  flows  similarly  through  all  of 
tbem.    The  beHx.  Fig.  396^  will  represent  closely  such  an  arrai^ 


r.:es:.  which  is  calW  a  soIchqiJ.  The  points  at  the  top  enable  one 
tv'  i^l;*pI^^d  it  in'>m  two  menrun-  cups  to  which  current  conn«- 
lior.s  n-^_v  l>e  made  in  sui-h  a  way  as  to  give  the  whole  free  move- 
ment alvut  a  venical  axis.  The  resultant  lines  of  the  field  wiihin 
tht  Si'ienoivl  are  parallel  to  the  asis.  Fig.  397  represents  such  1 
neid  and  its  similarity  to  that  of  a  permanent  magnet  is  al  onw 
appartrnt:  in  laot  a  solenoid  has  all  the  properties  of  a  magneL 
The  lac*  A  will  be  iis  north  pole,  and  B  its  south,  as  is  readily 
sc*ii  !>y  applying  the  right-handed  screw  rule  to  find  the  direction 
of  the  magnetic  force;  Two  such  solenoids  will  react  on  each 
other  exactly  like  two  permanent  magnets,  and  any  suspended 
sdletioiil  carrying  a  current  wilt  set  its  axis  parallel  to  the  mag- 
netic field  in  which  it  is  placed. 

624.  ElectroHUCBetiim.     If  a  paramagnetic  substance  be  placed 
within  a  solenoid  carrying  a  large  current,  it  will  become  magn^ 
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NET. 


iizett  by  induction  lo  an  extent  (let>endJng  on  its  permeability 
(i  557)-  Pof  example,  if  a  rod  of  soft  iron  a  Utile  longer  than  the 
helix  be  used,  a  powerful  magnet  will  result,  but  only  while  the  cur- 
rent is  passing  through  the  helix.  If  the  current  be  interrupted  the 
niagneti:im  will  almost  entirely  disappear.  This  combination  is 
called  an  electromagnet  and  has  a  very  wide  application  in  both 
industrial  and  expcrimenlal  apparatus.  In  order  to  utilize  both 
poles  the  soft  iron  core  is  often  bent  in  the  form  of  a  U  and  each 
le^  is  surrounded  by  a  separate  coil  of  silk-covered  wire  wound, 
for  convenience,  on  a  spool,  the  winding  being  such  that  if  the 
core  were  straightened  out  the  two  coils  would  form  a  continuous 
one.  Fig.  39S  shows  the  usual  type,  the 
soft  iron  piece  across  the  poles  b«ing 
called  the  armature;  this  serves  to  com- 
plete the  magnetic  circuit  through  the 
iron.  Other  things  being  equal,  the  in- 
duction per  unit  cross-section  is  propor- 
tional to  the  product  of  the  current 
strength,  I,  and  the  number  of  turns 
of  wire  per  unit  length,  n,  and  in  C.  G. 

S.  units  (g  615)  is  equal  to  ^wnl  if  there  be  no  core  in  ihe  solenoid, 
wr  4ir;iM/  if  the  core  have  a  permeability  ^  As  fi  may  have  a 
value  of  2000  or  more,  and  /  may  be  made  as  great  as  we  please, 
it  is  clear  how  superior  an  electromagnet  may  be  to  a  permanent 
steel  magnet.     If  /  is  in  amperes  B  =  4irjAn//lo. 


A  proof  of  Ihc  atiove 

may 

be  briefly  staled  as  follows :    Let  Fig.  3911  rep- 

rcKtit   a  longitudinal 

sectio 

n   of   a   coil    having   n   turns  of   wire   per   unit 
length,    through    which    flows    a    current   / 

^■v-A^^r^ 

C.  fi.  S.  units.       Ut  ahcd  he  n  small   rcc- 

nfmfk 

"^ 

\      tangle  with  sides  parallel  and  perpendicular 

■   [' 

respectively  to  ilic  axes  of  the  solenoid,  ab 

UJuyuyuui 

'  f 

and    cd    being    of    lenglh    a,    so    that    the 

uL 

/      number  of  coils  that  pass  through  abed  is 

■^ 

no.     The  work  done  in  taking  a  unit-pole 

[1 

10.   309- 

around  the  path  abcda  is  therefore,  4iriio/ 

(16jo).       If  the   intensity  along  06   is   H 

tlic   work  done  in   this 

part 

of  the  path   is  Ha.     The   force  along  be  and 

that   along  da  are  lei 

0  (if 

there   were    any  such   forces   they  would,   in 

Any  ease,  be  equal  and  opposite).     Hence   the  work   along   be  and   da  is 
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zcra.  If  ilie  belix  be  suflici«nl1y  lone  lo  (bst  its  ends  arc  far  earn 
Bway  Ihe  force  along  cd  may  be  neglecled  compared  with  lliat  alone 
(Ibis  is  also  indicaled  by  the  absence  of  lines  of  force  near  cd.  compt 
Fig'  J97)-  Hence  the  total  work  is  Ha  wbicb  must  iherefore  equal  4m 
Therefore  H  =  4"/. 

625.  Energy  Relations.  Attention  is  again  directed  to  the  si 
rounding  medium  as  the  seat  of  a  part  of  the  energy  expended  il 
an  electromagnetic  circuit.  Since  an  effect  at  a  distance  c 
result  instantaneously  from  any  cause,  we  must  assume  that  t 
field  around  a  wire  opens  out  gradually  though  with  great  ^ 
locity.  Now  a  magnetic  field  contains  energy  since  it  can  do  wo 
in  moving  a  magnetic  pole.  Hence  for  a  brief  interval  after  cli 
ing  a  circuit  a  part  of  the  energy  supplied  to  the  circuit  by  I 
generator  is  expended  on  the  field,  and  the  current  docs  n 
instantly  rise  to  its  full  value  even  in  a  straight  wire.  Agai 
when  the  current  is  broken  this  field  closes  in  again  01 
doctor  and  yields  up  its  energy,  thus  maintaining  the  current  f4 
a  brief  time. 

626.  The  Telegraph  Sounder.    One  of  the  simplest  and  t 
monest  applications  of  the  electromagnet  is  its  use  in  ordinxij 
telegraphy.     The  sounder,  Fig.  400.  consists  of  an  electromagnet 
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The  receding  motion  is  produced  by  an  adjustable  spring. 
A  device  called  a  key  for  closing  and  opening  the  circuit,  which 
contains  also  a  source  of  current,  is  placed  in  series.  The  con- 
ducting wires  may  be  as  long  as  is  consistent  with  the  E.  M.  F. 
at  one's  disposal.  When  the  key  is  closed  the  armature  is  drawn 
down  with  a  click ;  when  it  is  opened  the  spring  reacts  and  another 
click  follows.  The  signals  which  indicate  the  letters  and  numbers 
consist  of  various  combinations  of  short  and  long  intervals  be- 
tween the  down  and  up  clicks,  a  short  interval  of  closing  being 
called  a  dot  and  a  longer  one  a  dash.  A  short  open  circuit  in- 
terval is  called  a  sface.  Operators  become  very  expert  at  reading 
these  signals  by  ear.  This  system  was  devised  in  1836  by  Morse 
and  his  code  with  little  change  is  still  in  general  use. 

In  practice  various  relay  devices  are  introduced  by  means  of 
which  the  distance  between  the  sending  and  the  receiving  stations 
may  be  as  great  as  desired.  The  feeble  current  received  from  a 
distant  station  operates  an  electro-magnet,  which  moves  a  switch 
into  contact  with  powerful  batteries  at  the  receiving  station,  and 
thus  the  current  from  the  sending  station  is  augmented. 

627.  The  Tangent  QalTanometer.  The  application  of  the  prin- 
ciples of  gg  614,  621,  enables  us  to  construct  one  type  of  a  class  of 
instruments  known  as  galvanometers  which  are  used  for  measur- 
ing current  strengths.  The  simplest  form  of  galvanometer  con- 
sists of  one  or  more  circular  turns  of  insulated  copper  wire  of 
radius  a  decimeter  or  more,  the  plane  of  which  is  placed 


^iU  tl 


magnetic  meridian.  Fig,  401.  The  insuli 
ing  the  wire  with  one  or  more  layers  of 
silk.  At  the  center  of  the  coil  a  light 
magnetic  needle  a  couple  of  centimeters 
or  less  long  is  poised  on  a  sharp  point 
or  suspended  by  silk  or  quartz  fiber. 
When  no  current  is  passing,  the  needle, 
being  in  the  magnetic  meridian,  is  in  the 
plane  of  the  coil.  If  now  a  current 
passes  through  the  coil,  a  field  is  de- 
veloped at  its  center  perpendicular  to 
its  plane  and  the  needle  is  deflected 
the  moment  of  the  deflecting  coupli 


■ffected  by  cover- 


5  just  balanced  by  the 


lent   of   the   earth's   field.      It   will    be    noticed   ftvat. 
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needle  turns,  the  arm  of  the  deflecting 
couple  is  decreasing  while  that  of  tht 
restoring  couple  is  increasing;  at  some 
angle  of  deflection  then,  ^,  these  two 
couples  must  balance  and  the  needle 
will  come  to  resL  From  §  621  the  field 
at  the  center  of  (he  coil  is  2irttl/r.  and 
2-icnI/r-m,  then,  is  the  force  which  acts 
on  each  pole  of  the  needle  of  magnetic 
strength  m.  The  moment  of  the  de- 
flecting couple  is  3-ntiInt/r-l  cos  ^  if 
4,  is  the  angle  of  deflection  and  I  tht 
length  of  the  needle,  Fig.  402.  If  now 
H  is  the  strength  of  the  earth's  fieid,  the 
restoring  or  balancing  couple  due  to  it 
is  equal  to  tnH'l  sin  ip.  Equating  these 
ind  cancelling  common  terms,  we  get 

[f  we  siibstilute  G  for  2iri/r,  we  get 

/=  —  tan  ^  =  A!*  tan  ^ 


from  which  it  follows  that  the  strength  of  the  current  is  propor- 
tional to  the  tangent  of  the  angle  of  deflection  produced  by  il- 
For  this  reason  the  instrument  is  called  a  tangent  galvanomitet. 
Since  G  is  a  function  of  the  dimensions  only  of  (he  particular 
instrument  used,  it  is  known  as  the  galvanometer  constant,  and 
H/G=^K  is  called  the  rcdiicllon  factor  of  the  instrument  The 
current  is  expressed  in  the  above  formula  in  C  G.  S,  electro- 
magnet units.     In  amperes 

-■°/-* 

In  order  that  the  magnetic  field  at  and  near  the  center  of  the  coil 
shall  be  as  near  uniform  as  possible,  so  that  the  needle  as  it  roUlO 
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shall  have  its  poles  always  acted  on  by  the  same  force,  Hclmholtz 
suggested  an  instrument  composed  of  two  parallel  vertical  coils 
of  the  same  radius  in  series  or  parallel  circuit,  placed  at  a  dis- 
tance apart  equal  to  the  radius  of  each.  The  needle  should  be 
located  half  way  between  the  coils  on  their  common  axis.  In  this 
form  the  needle  need  not  be  so  short  compared  with  the  radius 
of  the  coil. 

As  the  value  of  H  varies  from  place  to  place  as  well  as  froni 
time  to  lime  at  the  same  place,  it  follows  that,  for  the  measure- 
ment of  (juantilies  involving  H,  its  -value  should  be  delcrrained  at 
the  time  and  place  that  the  observations  arc  made.  In  the  com- 
parison of  currents,  however,  at  any  one  time,  the  relation  of  the 
tangents  of  the  deflection  angles  only  need  be  considered. 

628.  Tbe  Thomson  Oalvuiometex.  The  instrument  just  de- 
scribed is  designed  to  measure  currents  of  moderate  strength  which 
are  met  with  in  laboratory  practice,  say  from  o.i  of  an  ampere 
to  10  amperes.  Far  weaker  currents,  however,  frcijuenlly  have  to 
be  studied  and  measured,  and  for  this  purpose  a  different  type 
of  instrument  is  designed.  Of  the  very 
sensitive  instruments,  one  developed  many 
years  ago  by  Lord  Kelvin  (then  Sir 
William  Thomson)  and  known  as  the 
Thomson  galvanometer  is  the  most  impor- 
tant. One  of  its  early  uses  was  as  a 
receiving  instrument  for  detecting  the  weak 
currents  used  in  the  Atlantic  cable  when 
laid  in  1865.  No  other  instrument 
known  at  the  time  could  have  served  the 
purpose.  It  employes  two  devices  not  yet 
described,  viz.,  the  astatic  system  of 
magnets  and  a  wiirror  and  scale  for  read- 
ing the  deflections.  The  former  increases 
greatly  the  sensitiveness  of  the  instrument 
and    the    latter    enables    the    observer    '^       "  ^ 

read  the  deflections  much  more  accurately 

than  by  other  means.  It  is  clear  that,  by  using  in  a  galvanometer 
two  needles  of  equal  magnetic  moments  but  exactly  reversed  in 
direction,  a  system  may  be  obtained  upon  which  the  resultant  action 
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of  the  earth's  field  will  be  zero.    Since  such  a  system  has  no 
directive  tendency,  it  is  called  astatic  and  will  remain  at  rest  in  any 
direction.    Fig.  403  represents  the  arrangement  of  such  a  system 
in  a  galvanometer.    The  two  needles  ns,  s'n'  are  rigidly  connected 
and  relatively  reversed.    A  coil  surrounds  the  upper  one  and  some- 
times also  the  lower,  and,  if  the  action  of  the  current  on  each  be 
traced,  it  will  be  found  that  the  effect  is  additive  and  that  both 
needles  conspire  to  rotate  the  system  in  the  same  direction.    For 
this  reason  alone  the  sensitiveness  is  great    In  order  still  more  to 
increase  the  sensitiveness  the  needle  system  is  suspended  by  a  very 
fine  filament  of  silk  without  torsion.    If,  under  these  circumstances, 
the  system  were  exactly  astatic  the  least  current  would  develop 
field  enough  to  rotate  it  nearly  90°,  the  angle  depending  on  the 
slight  torsion  of  the  fiber,  and  no  measurement  would  be  pos- 
sible   though    the    instrument    would    be    an    infinitely    sensitive 
galvanoscope.    To   obviate   this,   the   earth's   field,   the   effect  of 
which  is  eliminated,  is  replaced  by  an  artificial  field  produced  by 
a  weak  bar  magnet,  NS,  Fig.  403,  placed  above  the  instrument  and 
adjustable  as  to  height  and  angle.     Since  NS  is  nearer  to  ns  than 
to  ^'n'  its  directive  influence  on  the  combination  is  not  balanced 
and  ns  controls  the  system.    Clearly  by  such  means  the  sensitive- 
ness can  be  changed  at  will.     Practically  the  astatic  system  is 
never  exactly  balanced  and  so  the  earth's  field  has  always  some 
little  directive  influence.     By  the  governing  magnet  NS,  however, 
in  combination  with  the  earth's  field  the  resulting  field  may  be 
adjusted  to  any  desired  strength.    Another  function  of  the  con- 
trol magnet  is  to  enable  the  instrument  to  be  used  in  any  position. 

The  mirror  M  referred  to 
is  very  small  and  light,  some- 
times only  a  few  millimeters 
in  diameter.  It  is  usually 
attached  to  the  system  by 
cementing  to  its  back  the 
upper  magnet,  composed  of  a 
bit  of  magnetized  watch 
spring.  By  observing  the 
deflection  of  a  reflected  beam 
of  light,  directed  properly 
upon  the  surface  of  the 
mirror,     the     aii£le     tamed 


Fig.  404. 


!>  oflen  accurate  enough  to  au 
]  Ihe  correBponding  value*  o 


rough  by  Ike  system  can  be  calculated,  tlie  latter  beii 
e  deflection  of  the  beam  of  light  (i  jga).     Fig.  404  wi 

3  is  a  gradualed  scale  we!l  lighted.  At  i>  the  mirror,  its  equilib- 
I  poailion  being  parallel  to  the  scale.  T  is  a  lelcKope  wilb  eyepiece 
is-hain,  ihe  axis  of  which  is  perpendicular  to  Ihe  mirror.  Usually  ihe 
a  {0}  of  the  scale  is  just  under  the  telescope,  so  that  bcfor 
t  looking  into  the  telescope  may  see  ihe  zero  line  in  the  middle  of  the 
leld-  If  now  M  lolate  a  few  degrees,  other  divisions  of  Ihe  scale  will  come 
into  the  field  of  the  telescope,  and  when  M  comes  to  rest  Ihe  scale  reading 
is  noted.  Suppose  it  ir  6  cm.  (BO  in  the  Rgure),  ihen  if  MO  is  c  cm.  (oflen 
about   one  meter)    we   may   write  b/c  =  tan  xa,  in  which   a  is   the  angle 

red  through  by  ihe  mirror  JIf ;  therefore 

Since  tt  is  usually  a  very  small  angle, 
that  any  two  currents  are  proportional   t 
i.  e.,  to  Ihe  defleclioo  readings. 

629.  The  D'Anonval  QalTanometer.  Another  method  of  con- 
struction is  to  reverse  things  and  make  the  magnet  fixed  and  largn, 
while  the  coil  is  movable  and  stiiall.  The  arrangement  is  shown 
in  Fig.  405  and  is  known  as  the  D'Arsonval  type  of  galvanometer. 
N  and  5"  are  the  poles  of  a  strong  permanent 
magnet  and  between  these,  with  its  plane  par- 
allel to  the  field,  the  coil  is  suspended  by  means 
of  a  delicate  torsion  conductor  through  which 
the  current  is  led  to  the  coil.  To  the  other 
and  lower  end  of  the  coil  is  attached  a  spiral 
spring,  which  runs  vertically  downward  to  the 
bottom  of  the  instrument,  and  which  is  drawn 
Just  tight  enough  to  hold  the  coil  in  place  and 
yet  allow  it  to  rotate  freely  about  a  vertical 
axis.  Within  the  coil  is  usually  placed  an  iron  cylinder  to 
increase    the    induction.      A    mirror    is    fixed   to    the    suspension 

I  just  above  the  coil  and  a  telescope  and  scale  is  used.  When 
■  current  is  passed  through  the  coil  the  straight  vertical  parts 
of  the  latter  tend  to  move  perpendicular  to  the  lines  of  force  of 
the  magnetic  field  of  the  magnet  (§622).  This  is  opposed  by 
the  torsion  of  the  suspension.  For  small  angles  the  current  is 
very  approximately  proportional  to  the  deflection  it  produces, 
^V  While   the   D'Arsonval    type    is   not   as    sensitive   as  a   Thomson 
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ItMtratumt,  it  has  ihc  gtvu  advantage  of  not  being  appreciably 
Jifft<tevt  tfy  otrtside  influMKCS-  Iron  or  steel  in  the  vicinitj-  hai 
Kttic  tvr  on  cffeet  on  tt,  and  it  may  be  made  practically  dcadbut, 
».  r^  M.t  that  it  ctmws  to  rest  wilhoul  vibrating.  This  is  d 
ltt(  mtctinn  iadnctioo  currents  set  up  in  the  coil  due  i 
wolfam  in  the  OHCoetic  field.  The  direction  oE  all  such  currenB 
to  ahr«7S  M>  M  to  a|V(>K  'he  tmilion  (sec  Leni's  Law,  §  676), 

Ml.  n*  BwBhtk  G«lnao«mtw.  This  is  an  instrument  designed 
fw  nKAiarinc  «  qoantit)-,  ^>.  o£  eleetricity  discharged  from  a  c 
Acmer  or  fHhee  cha^E^  body.  It  may  be  made  of  either  ihe 
TVwKMm  «r  the  U'Arsdnva!  type  and  Ihc  latter  is  now  the  more 
COMMOik  )l  heme  to  constructed  for  this  purpose  that  its  "  damp- 
ing **  it  mmII  and  its  pcrkMl  long.  The  current  maintained  i: 
tmnety  brief — in  iam  h»s  tistmlly  ceased  to  (low  before  the  needle 
eir  ml  has  aoqiriml  apiuvctaUe  motion,  provided  the  period  be 
swMcietitlr  K^n(.  The  reJation  betw-een  the  quantity  Q  and  the 
"  throw  "  of  Ihc  iMvdIe.  «$  meastired  hy-  scale  divisions  seen  ii 
Wlwctye.  is  afifffuxiaaatcly  expressed  by  the  simple  equation 
(}  n  hi  in  which  It  is  a  taagtani  easily  found  by  ohser^-ing  k,  the 
K«W  TVMbnf;,  for  a  known  ch«t^  Q  and  snbstilating  these  values 
in  the  e^mtiott. 

m.  TllMHMt*.  Any  gali-uMmetcr  that  has  a  coil  of  very  higb 
resistance  takrs  vrry  httk  correoi,  c3{>evi^ty  if  it  be  joined  be- 
tween t«\i  pi,iints  of  a  cittrwit  otherwise  connected  through  a  very 
ranch  snuUet  reiistaRce.  t.  f..  if  it  be  used  in  sbont  circuit  (g  63S). 
In  this  ca».  howeret.  the  tittle  twrtnt  it  does  take  will  be  propor- 
titwtal  U>  the  E  M.  F.  between  the  foatts.  to  which  it  is  joined,  and 
with  a  |wvfpeehr  calibtaied  scak  it  is  made  to  read  volts  and  i 
then  eaUed  a  vtitmuitr. 

For  practical  purposes  in  in- 
T  oi  retaarkabh-  accurate  emptrica]  instrw- 
meM«  Imv«  been  Jerised  Kv  measuring  both  iuiiem  and  E.  M.  F. 
They  are  caQed  resjiectirely  a^ffre  metfrs,  or  Mmmrters,  aitd  roft- 
mrtfrs.  The  qnantitr  to  he  tMcasarcd  is  indicsted  at  once  In-  tbe 
positKNi  of  a  pointer  mrt  a  scale  cndtoitMil  to  rcoid  directly  oHxt 
Mn|itrti  or  voks.  The  Wesun  nefcn  are  standard  ini 
at  llni  dBss.  Tbe  principle  is  thai  of  the  tyArsonvnl  (aha- 
tiK  ■Mnane  coil  tnraing  on  hard  steel  ptvoti  *■.  J| 
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rbearings.  There  is  a  fixed  cylinder  of  soft  iron  within  the  coil 
I  inlensify  the  magnetic  field.  The  motions  arc  remarkably  dead- 
The  zero  position  of  the  coil  is  governed  by  non-magnetic 
jiiral  springs. 

RESISTANCE. 

633.  Definition  of  BesisUnce.  The  resistance  of  a  conductor 
has  been  defined  as  the  ratio  of  the  E.  M.  F.  applied  at  its  ends 
lo  the  current  strength  resulting.  Resistance  depends  on  the 
kind  of  material,  length,  shape,  etc.,  of  the  conductor.  It  depends 
also  on  the  temperature,  in  some  materials  increasing  and  in  some 
decreasing  with  a  rise  of  the  temperature. 

The  resistance  of  a  wire  for  eicctricity  ii  jn  certain  way*  •imilar  to  the 
restslance  of  a  pipe  for  the  Sow  of  water  in  it.  The  conductance  In  both 
ca*Fa  is  proportional  to  the  site,  i*.  e.,  lo  [he  cross- sect  ion,  while  the  resist- 
ance in  Ijoth  eases  is  proportional  to  the  length.  This,  while  a  useful  anal- 
ogy.  must  not  be  pushed  100  far  for  the  rcsistaacc  of  a  pipe  depends  on 
the  strength  of  the  current  through  ii. 

Electrical  resistance  may  also  be  likened  to  friction  between  solids, 
Thus  a  copper  or  silver  wire  is  a  tmoolli  conductor  for  electricity  while 
an  iron  or  a  lead  one  is  a  conductor  ten  limes  bs  rough  declrically.  It 
baa  already  been  pointed  out  that  no  substance  Is  ■  perffcl  conductor  and 
none  a  perfect  non-conductor  or  insulator. 

634.  BesiBtivitr.     It  is  found  that  the  resistance  of  a  uniform 
s  proportional  to  its  length  and  is  inversely  proportional  lo 

\  its  cross-section,  t.  f. 

a 

1  which  p  is  a  constant  for  any  one  substance.  Evidently  p  =  R 
[when  both  /  and  a  are  unity,  or  p  is  numerically  equal  lo  the  re- 
I  Mistance  of  a  rod  i  cm.  long  and  I  sq.  cm.  sectional  area  and  it  is 
I  called  the  resistivity  or  specific  resistance  of  the  s 
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Palladium  10,219  0.00354 

Silver    1,468  0.00400 

Copper    i,S6i  0.00428 

Aluminum    2>665  0.00435 

Iron   9.065  0.00625 

Nickel  12^2$  0.00622 

Tin    13.048  0.00440 

Magnesium    4.355  0.00381 

Zinc   5.751  0.00406 

Cadmium    10,023  0.00419 

Lead    20,380  0.0041  x 

Carbon  (Incandescent  Lamp) 4x10* 

635.  Effect  of  Temperature  on  ReaiBtance.  The  resistance  of  a 
conductor  changes  with  a  change  of  temperature.  The  resistance 
of  pure  metals  and  of  most  alloys  is  increased  by  a  rise  of  tem- 
perature. 

The  following  curves,  Fig.*  406,  show  in  the  case  of  several 
metals  the  variation  of  resistance  with  temperature  from  — 200' 
or  lower  to  +200®.  Resistances  are  expressed  in  C.  G.  S.  units 
of  the  electromagnetic  system.  It  will  be  noticed  that  the  general 
trend  of  convergence  is  toward  a  point  of  zero  resistance  at  a 
temperature  between  — 250**  and  — 300°.  As  — 273®  is  the  most 
probable  position  on  the  centigrade  scale  of  the  absolute  zero,  it 
follows  that  at  or  near  the  absolute  zero  of  temperature  the  resis- 
tance of  all  pure  metals  would  be  zero.  As  the  curves  shown  have 
a  very  long  radius  of  curvature,  it  follows  that  over  comparatively 
small  ranges  of  temperature  the  increase  in  resistance  is  nearly 
proportional  to  the  increase  in  temperature,  or 

in  which  Rt  is  the  resistance  at  any  temperature  t^,  R^  that  at 
some  standard  temperature  as  o®,  and  a  is  the  temperature  coeffi- 
cient of  the  particular  metal.  For  all  pure  metals  the  temperature 
coefficient  is  found  by  experiment  to  be  approximately  .00366, 
or  equal  to  the  coefficient  of  expansion  of  a  perfect  g^s.  From 
the  diagram  it  seems  that  the  temperature  coefficient  of  platinum 
is  most  nearly  constant  over  a  wide  range  of  temperature. 

*  From    Nichols    and    Franklin's    Physics,   representing   the   results  of 
Dewar  and  Fleming. 
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63fi.  Besifltance  of  AUoya.  As  regards  their  electrical  resistance 
alloys  or  mixtures  of  pure  metals  are  divided  into  two  very  dis- 
tinct classes.     Alloys  containing  lead,  tin,  zioc,  or  cadmiiun  have 
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resistivities  which  can  be  calculated  from  those  of  the  pure  metili 
and   from   the   composilion.      Alloys   of    most   other    metals  hivt 
resistivities  which  are  much  greater  ihan  would  be  anticipated,  and 
the  temperature  coefficient  is  less  than  in  the  case  of  cither  con- 
stituent.   This  latter  fact  is  of  great  value  in  the  construction  of 
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nd   of   resistance    coils    for   laboratory   or 
ample,  if  12  parts  of  nickel,  84  parts  of  c 
iganese  be  mixed  together,  an  alloy  calle 
ving  a  temperature  coefficient  very  nearly 
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e  anomalous  behavior  of  alloys, 
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commercial 
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ero.     Fig.* 
vs  by  three 

$$I 

.  StAsd^.  .     -   the  conpansoa  of  rcsb- 

tances  can  be  niadc  tiiuch  rncre  acoiraldT  than  thai  of  uy  other 

electrical    qoandties.    h    n    vtrj 

desirable  ttul  standards  sfaoidd  be 

as-ajlabk    wtncfa    do    not    chai^    I 

with  time  or  with  change  of  tern- 

peraiure.     Socfa  bare  been  made 

possible   by   tbe   use  of  iitsnlated 

manganin  n-ire,  doubled  and  H-mind 

on   a   spool,  the  two  et*d5  of  the 

wire  thus  appearing  at  the  &aine  end  of  the  spool.    These  are  then 

soldered  lo  stout  terminals  of  copper   rod,  beni  in  such  a  way  OS 

conveniently  to  be  inserted  into  mercury  cups  for  conneclion. 

For  laboratory  use  sets  of  coils  woiwid  as  above  described  are 
mounted  in  bones,  with  tiieir  terminals  so  connected  on  the  out- 
side of  the  cover  that  by  removing  a  metal  plug  from  between 
two  blocks  to  which  the  terminals  of  a  coil  are  joined,  that  coil 
is  brought  into  the  circuit.  Combinations  of  this  sort  are  known 
as  resistance  boic-t.  Fig.  408  shows  the  manner  of  winding  these 
coils  and  joining  them  to  the  blocks.  Boxes  may  be  bought  with 
coils  varying  in  resistance  from  0.01   ohm  to  100,000  ohms. 

638.  ResisUiiCfl  of  Divided  Olrcoits.  There  arc  two  distinct 
ways  of  joining  conductors  together.  They  may  he  joined  end  lo 
end,  so  that  the  current  must  go  through  them  one  after  (mother, 
the  strength  of  the  current  being  the  same  in  each  one.  Con- 
ductors so  arranged  are  said  to  be  in  series,  and  ihc  total  re- 
sistance of  the  circuit  is  equal  to  the  sum  of  resixlaiiccs  of 
all  the  parts.  If,  however,  a  number  of  conductors  as  a,  b,  e. 
Fig.  409,  are  joined  with  their  corresponding  ends  together,  »■  at 

I 

■  and  B,  Ihcy  arc  said  to  he  Joined  1*11  farallcl  or  m  inullifL  . 
a  current  passing  from  A  lo  li  will  divide  itself  between  the  three 
conductors,  the  one  offering  the  least  resistance  taking  the  largeit 
part  of  the  current.  If  the  jxilential  difference  hetwrcn  A  and  B 
is  E,  then  the  drop  of  potential  from  A  \a  B  will  lie  the  niirne  nloni: 
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I 
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each  of  the  three  paths,  a,  b,  and  c.  If  die  resistances  of  tbe 
branches  be  r^  r,  and  r,  respectively,  and  the  currents  in  them 
i^  I,  and  i,  then  by  Ohm's  law 

\^=^E/r^  f,  =  £/r,  etc 

Since  after  the  current  has  become  constant  there  is  nowhere  an 
accnmnlation  of  electricity  the  total  current  flowing  from  P  to  jj 
must  be  the  sum  of  the  partial  currents,  or 

/  =  £(i/r,  +  i/r,  +  etc)=£/ie 

Hence  the  branch  conductors  between  A  and  B  behave  as  thongii 
they  were  replaced  by  a  wire  having  a  resistance  R  such  that 

I        I.I. 
—  =  -  +  -  +  etc. 

R       r,      r. 

Hence  when  conductors  are  arranged  in  parallel  the  conductance 
of  the  system  is  equal  to  the  sum  of  the  conductances  of  the  several 
parts.    Since  £  =  /?/  it  follows  that 

»\  =  -  A    i,  =r  -  /,  etc 

In  such  dirided  drctiits  as  occur  between  A  and  B,  any  one  of  tlie 
paths  a,  &  or  c  is  called  a  skunt  to  the  othera.  Shnnts  are  frequently  aed 
between  the  terminals  of  a  galvanometer  or  other  electrical  device,  for  the 
parpose  of  diverting  a  part  of  the  current  which  otherwise  would  all  pass 
through  the  instn*menL  Thus  by  knowing  the  resistance  of  the  instru- 
ment and  of  the  shunt  separately,  we  can  at  once  calculate  what  fractioo 
of  the  total  current  passes  through  the  galvanometer  and  is  measored. 
Sensitive  galvanometers  are  usually  furnished  with  appropriate  shunt  coils, 
so  adjusted  that  say  only  0.1  or  0.01  or  even  0.00 1  of  the  total  current  is 
actually  passing  through  the  instrumenL  The  instrument  is  thus  protected 
from  frequent  danger  of  injury.  In  this  case  the  whole  current,  /,  is 
expressed  in  terms  of  the  measured  current,  •',  and  the  resistances  of  the 
galvanometer,  g,  and  of  the  shunt,  S,  by  the  formula 

I^^^^i    (see  above) 

so  if  5  =  ^^f .  for  example,  then  /  ^  loot. 

639.  Kirchhoff*8  Laws.     The  calculation  of  the  distribution  of 


KIKCHHOFPS    LAWS. 

.  currents  in  complex  branched  circuits 
,   laws   derived   by   Kirchhoff.     In   the 

combination  circuit  AB,  Fig.  409,  we 

saw  that  the  current  /  was  equal  to 

the    sum    of    the    currents    in    the 

branches,  or 

from  which  follows  at  once  the  first 

law:    The  algebraic   sum  of   all  the 

currents    that   flow  towards  a   point  Fia.  41a. 

in  any  system  of  conductors  is  zero. 

Again,  suppose  we  have  any  closed  circuit  of  conductors  which 
does  not  include  an  E.  M.  F„  as  abcdefa.  Fig.  410.  The  current 
in  ab  may  be  expressed  by  the  equations, 

y^ y^ 

I  ^^  1  >  a 

Thai  in  be  also  may  be  written 


4 


and  similarly  for  the  other  parts  of  the  closed  circuit  taken  in 
order.    If  now  we  add  these  equations,  we  get 

'>.  +  «>.  +  '.r.  +  !>.  +  i.r,  +  i.r,  =  o,  or  2.r  =  o 

If  such  a  closed  circuit  docs  contain  an  E.  M.  F.,  then  the  po- 
tential differences  will  not  add  up  to  zero,  but  to  S£,  where  each  E 
must  be  given  a  positive  sign  if  it  is  in  the  direction  taken  as 
positive  for  the  current,  and  the  equalion  becomes 

which  may  be  considered  an  extension  of  Ohm's  law.  From 
this  result  KirchhofTs  second  law  is  stated  as  follows:  In  any 
closed  circuit,  no  matter  how  complex,  the  sum  of  the  products 
obtained  by  multiplying  the  resistance  of  each  part  by  the  strength 
of  the  current  flowing  through  it  is  equal  to  the  sum  of  the  E. 
M.  F.'t  in  the  circuit. 
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640.  Fall  of  Potentiml  Along  a  Onrront  Baarinf  Oondnctor.  I( 

the  two  ends  of  a  uniform  homogeneous  conductor  be  maintained 
at  a  constant  difference  of  potential,  a  uniform  current  wiD 
flow  from  one  end  to  the  other  and  the  fall  of  potential  along  tbe 
conductor  will  be  uniform  per  unit  of  length.    This  foUows  at 


Fig.  41S. 


once  from  Ohm's  law,  E  =  IR,  and  from  the  fact  stated  that  R 
is  the  same  per  unit  length  throughout  the  wire,  /  having  the  same 
value  at  all  points.  We  may  represent  this  by  a  diagram,  Fig. 
411,  in  which  AB  represents  the  length  of  the  uniform  con- 
ductor. From  A  erect  an  ordinate,  Aa,  representing  the  po- 
tential F^  at  A,  and  at  B,  Bb,  representing  the  potential  F,  at 
B.  Now  since  the  drop  is  uniform,  the  potential  locus  for  all 
points  between  A  and  B  will  be  a  straight  line  from  o  to  6,  and  the 
potential  at  any  point  P  will  be  represented  by  Pp.  The  whole  fall 
from  A  to  B  is  Vj^  —  F,  and  is  represented  by  ab'.  Suppose  now 
the  conductor  between  two  points  be  composed  of  two  uniform  sec- 
tions, AO  and  OB  of  diflferent  lengths  and  of  different  resistances 
per  unit  length,  Fig.  412.  Then  ao  represents  the  gradient  of 
potential  in  the  part  AO  if  this  part  has  a  less  resistance  per  unit 
length  than  OB,  while  ao'  will  represent  it  if  AO  has  a  greater 
resistance  per  unit  length  than  OB,  Similarly  ob  or  o'b  shows 
the  gradient  in  OB,  As  before  and  in  general  the  fall  of  potential 
between  any  two  points  is  proportional  to  the  resistance  between 
those  points. 

641.  Wheatstone'8  Bridge.  This  consists  of  an  arrangement  of 
conductors  the  purpose  of  which  is  to  measure  resistance.  In  the 
diagram,  Fig.  413,  P  and  Q  are  maintained  at  a  fixed  difference  of 
potential,  that  at  P,  for  instance,  being  the  higher.    As  the  fall 
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;  poiential  from  P  to  0  is  the  same  whether  one  considers  the 
Uh  PaQ  or  the  path  PbQ,  it  is  clear  thai  for  any  point  a 


aQ  there  can  be  found  some  point  b 
itween  P  and  b  shall  bear  the  same 
itio  10  the  whole  drop  as  that  he- 
iieen  P  and  a  does.  In  other  words, 
herever  a  may  be  chosen,  a  point  b 
in  always  be  found  at  the  same 
}tential  as  a.  This  can  easily  be 
?nc  in  praclice  by  joining  a  to  a 
aisitive  galvanomeler  and  testing  for 
point  b,  so  that  no  current  is  indi- 
ited  by  the  instrument.  When  6  is  t 
ic  fall  of  potential  in  Pa  to  that  ir 
f  the  fall  in  Pb  to  that  in  bQ  is  r. 


1  PbQ.  such  that  ihc  fall 


located,  then  the  ratio  c 
iQ  is  r, :  r,  and  the  ratio 
is  r,:r,.  Hence  it  follows  that 
r,/r,=^rjr^.  In  practice  r,/r,  is  a  fixed  and 
known  ratio.  If  now  r,  be  an  unknown  re- 
sistance, the  experiment  consists  in  adjusting 
r,  till  a  balance  is  obtained,  that  is,  till  no 
current  flows  through  the  galvanometer. 
When  this  adjustment  is  made  the  unknown 
resistance  is  at  once  calculated  from  the 
equation, 


612.  The  PlatiaTim  Tliermomatei.    The  fac 

the  elcdrical  resistance  of  a  pure  melal  can  t 
pressed   hs   a   simple    function    of   its   lempirali 


made  t 


;  of  i 


:IinB  a 


:  ther 


mometer  for  IcmpersLurea  lK>lh  aI)Ove  and  bdow  the 
limits  within  which  the  mercury  thermamctcr  is 
practicable.  For  this  purpose  platinum  is  used,  its 
curve  being  practically  a  straight  line.  The  precau- 
tions to  be  taken  and  (he  best  method  of  construc- 
tion have  been  thoroughly  iuvesligsled  by  Callcndar 
and  Critfilhs  and  their  arrangement  is  shown  in 
Fig.  414-  A  wire  ot  pure  platinum  is  doubled  and 
wound  on  a  thin  mica  frame  □  and  the  whole  in- 
closed in  a  hard  annealed  glass  or  porcelain  tube. 
The  ends  of  the  wire  at  b  arc  welded  to  two  thick 
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leads  terminating  in  binding  screws  A^^  in  the  hard  rubber  cap  which  if 
fitted  to  the  top  of  the  tube.  Since  the  resistance  of  the  lead  wires  vifl 
also  change  with  the  temperature  vhile  it  is  only  the  resistance  of  tk 
platinum  coil  that  we  wish  to  obtain,  a  compensating  device  is  introdoGed 
consisting  of  a  like  pair  of  leads  attached  to  the  binding  screws  Bfi^ 
and  joined  together  at  their  lower  ends.  All  four  wires  terminate  it 
about  the  same  place  in  the  instrument  and  run  close  together  so  as  alwtjs 
to  be  at  the  same  temperature.  When  the  resistance  between  Ai  and  At  s 
measured,  BiB,  is  introduced  into  the  circuit  of  the  adjacent  arm  of  tk 
bridge  (§641)  so  that  any  variation  of  resistance  of  the  lead  wires  to  Afit 
will  be  balanced  by  the  same  variation  in  the  dummy  leads  B^B,  The 
platinum  thermometer  gives  excellent  results  up  to  about  xooo**. 

ELECTROLYTIC  CONDUCTION. 

643.  Electrolysis.  In  the  preceding  pages  have  been  described 
the  phenomena  of  electric  charges  at  rest  and  also  in  motion,  the 
latter  taking  place  in  solid  conductors.  In  the  case  of  such  con- 
duction no  final  change  has  occurred  either  in  the  composition  or 
physical  state  of  the  conductor.  It  is  true  that  if  a  metallic  wire 
be  heated  by  the  current  to  a  temperature  above  its  fusing  point 
the  metal  will  melt,  but  it  will  solidify  again  as  soon  as  the  heai 
is  withdrawn.  The  electricity  by  itself  causes  no  change  in  the 
conductor.  Certain  liquids,  as  for  example  mercury,  behave  ex- 
actly in  the  same  way,  while  some  others,  as  petroleum  and  tur- 
pentine, act  just  like  solid  dielectrics;  that  is,  they  do  not  conduct 
at  all.  Still  a  third  class  of  liquids,  however,  notably  a  very  large 
number  of  the  chemical  compounds,  either  fused  or  in  solution, 
behave  in  a  manner  quite  different  from  anything  that  has  been 
before  considered.  The  transfer  seems  to  be  more  like  an  eUc- 
trical  convection,  and  the  substance  is  decomposed.  For  this  rea- 
son the  process  is  called  electrolytic  conduction  or  electrolysis,  and 

the  substance  is  called  an  electrolyte.  If. 
for  example,  we  dip  into  a  solution  of  HCl, 
contained  in  the  glass  beaker  A,  Fig.  415, 
two  platinum  or  carbon  strips,  pjt^  and 
include  these  in  the  electric  circuit  of  an 
appropriate  generator,  B,  a  current  will 
flow  in  the  circuit  showing  that  the  liquid 
pjg  in  some  way  has  transferred  the  electricity. 

The    terminal    of    the   strip    p^    which  is 
joined  to  the  wire  by  which  the  current  enters  is  callQ4  tb^  nmQi^t 
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while  the  terminal  by  which  the  current  leaves  the  eUclrolytic  celt 
is  called  the  kathode.  The  Iwo  together  are  called  the  eteclrodfs. 
As  has  been  mentioned  the  liquid  is  decomposed  into  two  substances, 
cither  elements  or  compounds,  one  appearing  at  the  anode  plate 
and  one  at  the  kathode  plate.  That  part  of  an  electrolyte  which 
appears  at  the  anode  is  called  the  anion,  while  that  which  appears 
at  the  kathode  is  the  kalion.  The  products  of  the  decomposition 
are  together  called  the  ions.  All  these  electrolytic  terms  were 
originally  suggested  by  Faraday. 

It  is  not  always  the  case  that  the  initial  products  of  electrolysis 
are  given  up  free  at  the  electrodes,  since  frequently  secondary 
reactions  occur  between  them  and  the  materials  of  the  electrodes 
or  perhaps  the  unchanged  electrolyte.  In  the  case  of  HCl,  Fig. 
415,  the  hydrogen  will  be  given  off  in  bubbles  at  the  kathode  plate, 
/•j,  while  the  chlorine  will  appear  at  the  anode,  p,.  The  process  is 
as  if  the  hydrogen  ions  traveled  through  the  electrolyte  towards 
Pp  carrying  positive  charges,  while  the  chlorine  ions  moved 
towards  p^  with  negative  charges.  These  positive  and  negative 
charges  are  given  up  to  their  respective  electrode  plates.  If  a 
solution  of  H,SO.  be  the  electrolyte,  hydrogen  is  again  the  kation, 
while  the  anion  SO,  combines  with  a  molecule  of  H,0,  forming 
again  H,SO,  and  giving  free  oxygen  at  the  anode.  The  ratio  of 
the  volumes  of  the  H  and  the  O  is  2:  i,  or  the  same  as  is  necessary 
to  form  water.  For  this  reason  it  was  long  supposed  that  water 
was  the  electrolyte,  the  acid  being  added  simply  to  make  it  con- 
ducting. This,  however,  is  not  the  case,  for,  as  is  explained 
above,  the  H,SO,  is  the  substance  electrolyzed,  pure  water  prob- 
ably not  being  an  electrolyte  at  all. 

644.  F&ruUy's  Laws.  The  generalizations  of  electrolysis  were 
stated  in  1833  by  Faraday.     They  arc  two; 

I.  The  mois  of  an  electrolyte  decomposed  is  proportional  to  the 
quantity  of  electricity  wktck  passes  through  it. 

II.  The  mass  of  any  ion  liberated  by  a  given  quantity  of  elec- 
tricity is  proportional  to  the  chemical  equivalent  of  the  ion. 

The  number  of  hydrogen  atoms  which  is  necessary  to  form  a 
stable  moiecule  by  combining  with  an  atom  or  group  of  atoms  is 
called  the  valence  of  the  atom  or  group.  In  considering  the  mole- 
cules HCl,  H,0.  H,SO„  it  is  clear  that  the  valence  of  CI  is  one, 
that  of  O  is  two,  and  that  of  the  group  SO,  is  two.     The  ratio 
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of  the  atomic  mass  of  an  atom,  or  of  the  stmi  of  the  atomic  masses 
of  a  groop  of  atoms  to  the  valence  is  called  its  chemical  eqmva- 
lent.  Thus  the  chemical  equivalent  of  O  is  S.  We  may  write  as 
a  combined  expression, 

m=yQ  =  ylt 

in  which  in  is  the  mass  of  a  given  ion,  say  hydrogen,  y  is  a  con- 
stant depending  on  the  particnlar  ion,  and  the  other  letters  have 
their  usual  meaning.  From  the  equation  it  appears  that  y  is  eqtial 
to  the  mass  of  the  ion  set  free  by  a  tmit  quantity  of  electricity, 
or  bv  unit  current  in  one  second;  it  is  called  the  electro'chemicd 
equh'alemt,  and  is  proportional  to  the  chemical  combining  mass 
of  the  ion.  Since,  then,  if  the  value  of  y  be  know^  in  any  one 
case,  its  values  for  other  ions  can  be  calculated  from  their  chem- 
ical equivalents,  it  is  desirable  to  know  the  values  of  y  for  a  few 
familiar  ions.  The  measurement  can  be  made  with  great  accu- 
racy in  the  cases  of  the  solutions  of  certain  metal  salts,  such  as 
sulphate  of  copper  or  nitrate  of  silver.  If,  for  example,  in  the 
electrolytic  cell.  Fig.  415.  the  platinum  strips  be  replaced  by  strips 
of  silver  and  the  solution  be  one  of  silver  nitrate,  the  silver  from 
the  solution  will  attach  itself  to  p^  and  if  this  electrode  be  weighed 
before  and  after  a  known  current  /  has  passed  for  a  rime  t,  the 
amount,  m,  of  silver  deposited  can  be  determined,  and  y  calcu- 
lated from  the  equation 

m 

ExiH?riments  of  this  kind  have  sho^Ti  the  value  of  y  for  silver 
to  be  0.001118  grams  per  coulomb.  We  may  with  nearly  equal 
accuracy  find  y  for  copper  and  for  various  other  metals. 

645.  The  Charge  on  a  Single  Ion.  Since  the  atomic  mass  of 
silver  is  107.94  and  its  valency  is  i,  while  the  atomic  mass  of 
hydrogen  is  i  and  its  valency  is  also  i,  the  electro-chemical  equiva- 
lent of  hydrogen  is 

0.001118 

y  = =  0.000010357  grams  per  coulomb 

107.94 

Therefore,  since  fw  =  y//,  in  any  particular  case  the  mass  m,  of 
any  ion  liberated  will  be  given  by  the  equation 

m, = i.o-^Sl  X  io-*q/l 
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in  which  q  is  the  chemical  equivalent  mass  of  the  ion  in  question. 
As  one  coulomb  of  electricity  will  separate  0.001118  gram  of 
silver,  it  will  require  107.94/0.001118  or  96,550  coulombs  to  sepa- 
rate the  chemical  equivalent  in  grams  of  silver  or  i  gram  equiva- 
lent. Now,  by  recalhng  Faraday's  second  law,  it  is  clear  that  it 
will  require  the  same  number  of  coulombs,  vii..  96.550,  to  liberate 
1  gram  equivalent  of  any  kind  of  ion.  Since,  passing  Ihrough  an 
electrolyte,  96,550  coulombs  always  liberate  I  gram  equivalent  of 
each  ion.  it  follows  from  the  convection  idea,  which  assumes  the 
positive  charges  lo  be  carried  by  the  kations  in  the  direction  of 
the  current  and  the  negative  charges  by  the  anions  in  the  opposite 
direction,  that  the  charge  carried  by  the  chemical  equivalent  of 
each  ion  must  be  the  same.  Since  the  electrochemical  equivalents 
of  univalent  ions  are  proportional  to  their  atomic  or  to  their 
molecular  masses,  the  charge  carried  by  each  individual  ion  must 
be  of  the  same  magnitude  for  all  univalent  ions.  If  (e)  is  the 
value  of  this  charge  in  coulombs, 

Cc)=96.S5o('") 

in  which  (m)  is  equal  to  the  mass  in  grams  of  a  single  ion  of 
hydrogen.  If  the  atom  of  hydrogen  is  the  mass  of  its  ion,  then, 
since  the  best  authority  gives  for  its  mass  the  value  of  about  10"" 
gram,  (e)  is  about  lO""  coulombs. 

The  charge  carried  by  a  divalent  ion  is  ±2(«),  of  a  trivalent 
ion,  It  3(e),  etc.  If  the  charge  {e)  be  measured  in  electromag- 
netic units  instead  of  in  coulombs,  then  ^^_ 

or  the  ratio  of  charge  lo  mass  in  the  case  of  a  hydrogen  ion  tn 
liquid  electrolysis  is  approximately  10*.  This  result  has  an  im- 
portant bearing  on  the  subject  of  the  discharge  of  electricity 
through  gases  (see  Radioactivity). 

646.  Tlieoi7  of  Electrolysis.  Some  of  the  facts  of  electrolysis  have  been 
known  for  more  than  a  century  and  allerapis  have  been  made  from  time  10 
time  to  construct  a  theory  which  would  explain  the  phenomena  consistently. 
If,  for  example,  copper  sulphate  be  e]cc(rolyied  between  copper  plates,  the 
solution  around  ihc  kathode  continually  becomes  weaker,  while  that  around 
the  anode  becomes  more  concentrated.    If  platiniun  plalei  l>e  used  Jmtewl 
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of  tbe  copper  ones,  tbe  solution  aboul  botb  ktowb  weaker  but  tlie  kttiuit 
side  much  fasler  Iban  the  other.  This  (act  was  explained  by  Hittorf  h)  itic 
migraiion  of  iom,  by  assuming  Ihal  different  ions  move  througfa  the  liqnid 
al  differcnl  speeds,  and  Kohlrausch  later  proved  this  cxperimentaDT  a 
showed  further  that  each  kind  of  ion  bas  its  own  specific  speed  fat  a  gittc 
gradient  of  potenlial  in  a  Eiveo  liquid,  independetit  of  the  particular  mole- 
cule or  group  of  atoms  from  which  it  originated.  Hjrdrogen  bas  a  hi) 
speed  than  any  other  ion  for  the  same  rale  of  fall  of  poleotial  throogii 
the  solution.  For  this  reason  it  follows  that  acids  which  ate  faydic- 
gen  compounds  have  a  greater  conductivity  than  Iheir  salts  in  boIuiiqd 
Since  by  careful  investigation  it  has  been  shown  that  both  Ohm's  law 
(I  61?)  and  Joule's  law  (1  638)  hold  in  electrolytes,  all  tbe  energy  of  the 
current  when  traveriing  tbe  liquid  must  be  used  in  heat  as  in  a  solid  metil 
conductor  and  none  of  it  can  be  used  in  doing  chemical  work  in  sepantiog 
molecules  into  ions.  From  this  it  follows  that  the  electrolyte  must  alwaji 
contain  at  least  some  ions  in  a  free  state,  a  part  of  these  charged  with 
-|~(')  and  others  with  — (e).  It  has  already  been  uoled  that  perfectly  ptuc 
water  is  almost  a  non-conductor  and  it  is  also  true  that  pure  sulphtm'c  add  ii 
practically  a  non-conductor.  A  mixture,  however,  of  these  forming  >  sola- 
tion  is  an  excellent  electrolyte.  We  describe  this  by  saying  that  in  the  act 
of  solution  wc  have  a  process  of  loxisarion,  or  the  production  of  a  condilioD 
by  which  a  compound  becomes  a  conductor,  and  we  conclude  (hat  the  mole- 
cules of  sulphuric  acid  and  of  water  are  in  a  different  state  wben  in  solu- 
tion than  when  separated ;  ibey  are  said  to  be  dtimciated  by  the  act  of 
solution.  It  has  been  shown  that  for  very  weak  solutions  most  if  not  ill 
the  molecules  arc  in  a  stale  of  di&sociaiion,  while  for  Stronger  ones  only  4 
portion  of  them  are  in  a  slate  of  free  ions.  It  is  probable,  too.  that  sepi' 
ration  and  recombination  is  constantly  going  on,  all  the  ions  changing 
partners  frequently.  The  undissodated  molecules  at  any  instant  play  in 
part  in  tbe  transfer  of  the  electric  charges.  Tbe  dissociating  influence  of 
water  may  be  due  to  the  high  specific  inductive  capacity,  k.  of  water,  for 
i(  has  been  shown  (9  575)  thai  the  attraction  between  charges  is  invenely 
proportional  to  h ;  and  if  the  natural  molecule  is  composed  of  two  parts 
equally  and  oppositely  charged  they  will  be  more  easily  separated  in  a 
medium  for  which  k  is  large.  Other  properties  of  solution  also  attpport  the 
dissociation  theory.  In  brief,  then,  electrolytic  conduction  consists  in  the 
convection  of  positive  and  negative  charges  by  two  sets  of  ions  moving  ia 
opposite  directions  through  the  liquid,  one  set  giving  up  its  charges  to  the 
kathode  plate,  the  other  to  the  anode.  Tbe  speed  of  the  ions  is  proportioni] 
to  the  potential  gradient  in  the  liquid  but  for  any  given  gradient  each  kind 
of  ion  hna  a  specific  characteristic  speed  independent  of  its  source. 


647.  Folarization.    The  cause  of  the  motion  of  the  ions  is  the 
difference  of  potential  between  the  electrodes,  but,  when  they  have 
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vill  be  much  less  than  its 
Dt  become  zero.  Further. 
rcuic  again  completed  by 
I,  gradually  becoming  zero, 
;  current  is  due 


arrived  at  the  electrodes,  the  potential  difference  may  not  be  great 
enough  to  cause  the  charge  to  leave  the  ion.  If  the  charge  does 
go  to  the  electrode,  it  plays  its  part  in  neutralising  the  charge 
there  supplied  by  the  generator,  and  the  uncharged  ion  combines 
with  others  and  the  substance  is  in  part  recomposed.  If  the 
charge  does  not  leave  the  ion  because  of  insufficient  potential  dif- 
ference, the  ions  collect  on  the  oppositely  charged  electrode  and 
set  up  there  an  opposing  electromotive  force  which  is  called  polari- 
sation. If  we  consider  a  sulphuric  acid  cell  with  platinum  elec- 
trodes in  circuit  with  an  appropriate  galvanometer  and  an  E.  M.  F. 
less  than  1.7  volts,  a  current  will  be  indicated  for  only  a  very  brief 
time,  the  polarization  becoming  great  enough  to  oppose  entirely 
the  impressed  E.  M.  F.  If,  however,  the  initial  E.  M.  F.  be 
greater  than  1.7  volts  the  final  current  1 
value  at  closing  the  circuit,  but  it  will  m 
if  the  generator  be  removed  and  the 
joining  ihe  two  wires,  an  inverse  currei 
will  pass  through  the  galvanometer, 
to  the  polarization  built  up  at  the  electrodes  during  the  initial 
passage  of  the  direct  current,  and  the  effect  of  electrical  polariza- 
tion is  much  like  that  of  a  reaction  spring  or  cushion  in  mass 
dynamics.  If  instead  of  plain  platinum  electrodes  platinized  elec- 
trodes are  used,  a  lower  E.  M.  F.  is  required  to  maintain  a  con- 
tinuous current,  due  perhaps  to  the  fact  that  the  hydrogen  evolved 
at  the  kathode  is  largely  absorbed  by  the  platinum  before  bubbles 
are  formed;  thus  the  energy  for  the  bubble  formation  is  not  needed 
and  the  counter  polari7ation  E.  M.  F.  is  temporarily  less. 

648.  Relation  of  Uinimiim  E.  U.  F.  to  Heat  of  Oombustion. 
This  may  be  calculated  in  any  particular  case  from  the  experi- 
mental value  of  the  heat  of  combination  of  the  compound  and  that 
of  the  electrochemical  equivalent.  If  H  be  the  heat  evolved  in 
the  formation  of  a  compound  per  gram  of  one  of  the  ions,  then 
mH  units  of  heat  will  appear  in  the  combination  of  m  grams  of 
that  ion,  and  this  expressed  in  units  of  work  is  mHJ  joules.  Now 
on  the  other  hand,  if  the  compound  is  decomposed  by  a  quantity 
of  electricity,  Q  coulombs  passing  under  a  potential  difference  V 
volts  in  the  cell,  the  electrical  work  will  be  QV  joules.     We  have 

BQV  =  mHJ.    If  y  be  the  electrochemical  equivalent  of  the 
to 
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ion  in  grams  per  coulomb,  then  yQ^m  and, 

Qy  =  yQHJ.  or  V  =  yHJ 

This  means  that  the  potential  difference  in  volts, 
lain  Ihe  decomposition  of  a  given  electrolyte,  is  numerically  equ»! 
to  the  work  in  Joules,  required  lo  separate  from  the  compomid 
y  grams  nf  one  of  the  ions.  To  illustrate  by  a  numerical  example, 
we  may  consider  the  electrolyte  to  be  a  solution  of  sulphuric  add 
and  water,  since  the  products  of  electrolysis  are  hydrogen  aod 
oxygen  in  the  proportion  to  form  water,  and  since  we  know  the  heat 
of  combination  of  hydrogen  with  oxygen  to  be  34,700  calories  per 
gram  of  Ihe  hydrogen  combining  {§268).  As  the  value  of  y  for 
hydrogen  is  0,000010357  grams  per  coulomb,  and  7  =  4.2  joules 
per  calorie,  we  get  at  once, 

=  o.ooooio35;X34.7ooX4.2=i.509  volts 
or  it  requires  a  potential  fall  through  the  cell  of  about  l.j  volt! 
in  order  to  produce  electrolysis  in  this  case.  The  various  phe- 
nomena related  to  electrolysis  arc  numerous  and  somewhat  com- 
plex and  the  student  is  referred  to  special  works  on  the  subject  of 
Physical  Chemistry  for  a  fulkr  treatment, 

649.  The  Voltametei  or  Coolometer.    Faraday  suggested  the  use 
of  Ihe  electrolytic   cell   to  measure  current   strengths.     This  as- 
sumes   a    knowledge    of    the    electrochemical    equivalent    of   the 
substance    deposited    from    the    solution.     For    ordinary    currcnll 
probably    silver   is   the   best    material   to  use. 
I  The   best    kathode   is   a   clean   platinum  dish, 

.  I  upon  which  the  silver  is  deposited.  Fig.  416. 

I  and    in   which   is   suspended    a   disc   of   pure 

Y"  w^m  pf  \  silver  supported  by  a  silver  rod  without  solder. 
The  electroljie  is  composed  of  a  15  per  cent 
solution  of  pure  silver  nitrate  in  distilled 
water  and  is  placed  within  the  dish.  The  current  is  calculated 
from  the  formula  (g&44). 


in  which  /  is  measured  in  amperes,  m  in  grams  and  (  in  seconds. 
It  may  here  be  noted  that  the  legal  definition  of  the  ampen  \tj 
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■  act  of  Congress  is  "  The  practical  cqith'atenl  of  the  unvarying  cur- 
^rettt,  which,  when  passed  through  a  solution  of  nitrate  of  silver 
Chi  water  in  accordance  u-if/i  standard  specifications,  deposits  sil- 
F  vtr  at  the  rale  of  0.001118  grams  per  second," 

650.  ElectloplaUng.  There  arc  many  applications  of  clccUolysis  in  the 
industrial  arts,  ibc  mosl  im|>Drtanl  of  which  perhaps  is  elfctroptaling,  or 
tbe  process  by  which  a  ihin  layer  of  a.  metal  is  deposited  from  a  solution 
over  the  surface  of  a  body  by  means  of  (he  electric  current.  For  tltclro- 
typing  copper  is  used  and  is  deposiled  on  the  surface  lo  be  copied.  The 
copper  lajret  is  then  removed  and  is  iilltd  at  the  back  by  pouring  in  melted 
lype-metal.     Such  plates  are  far  more  durable  than  (he  original  type 

651.  SeconduT  CellB.  It  has  already  been  pointed  out  (§647) 
that  a  polarized  electrolytic  cell  is  capable  of  maintaining  an  in- 
verse current  for  an  appreciable  lime,  if  the  generator  be  removed 
and  the  wires  be  joined  together.  As  a  result  of  long  investiga- 
tion on  this  subject,  started  by  Plante  (i860)  and  continued  by 
Brush,  Faure  and  others,  the  commercial  secondary  or  storage  cell 
has  been  developed,  the  function  of  wbich  is  to  absorb  electrical 
«nergy  from  a  generator,  the  energy  being  rendered  potential  by 
electrolysis,  and  then  to  return  that  energy,  or  a  large  part  of  it, 
in  electric  current  at  any  desired  time  or  place.  The  electrolytic 
process  is  called  charging  the  cell,  and  in  subsequently  using  the 
it  is  said  to  be  discharged. 
I  its  most  practical  shape  at  tbe  present  lime  the  storage  cell  conaisls 
of  a  series  of  perforated  or  grid-tike  plates  of  an  alloy  of  lead  with  a 
■mall  percentage  of  antimony.  Into  the  perforations  is  pressed  a  paste 
composed  of  lead  sulphate  made  by  mixing  litharge  and  red  lead  with  sul- 
phuric acid.  These  prepared  plates  are  immersed  in  a  strong  solution  (10 
to  as  per  cenL)  of  sulphuric  acid.  During  the  process  of  charging,  the 
hydrogen  ions  pass  to  one  of  the  electrode  plates,  react  upon  the  paste  of 
^^kad  sulphate,  depositing  metallic  lead  in  a  spongy  form  and  forming  sul- 
^V.yhuric  acid  which  goes  into  the  solution.  At  the  other  plate,  the  anode, 
^V'»ppear  the  SO,  ions  which  in  their  reaction  upon  the  sulphate,  form  lead  oitide, 


PbSO,  +  SO.  +  jHjO  —  PbO,  +  jH,SOj 


The  sulphuric  acid  adds  itself  to  the  solution  and  the  plate  is  oxidized. 
It  is  seen,  then,  that  the  action  of  the  charging  current  has  been  lo  reduce 
tbe  paste  on  the  kathode  plate  to  metallic  lead,  and  lo  peraxidiie  it  on 
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the  sDode  pUM.  Th«  cell  is  foUy  cbsrged  when  free  hjrdioKeo  ia  ban 
given  off  from  tbe  katbode,  u  this  indJutet  thai  the  actiTe  matciial  tat 
all  been  reduced.  The  cell  may  naw  be  used  as  a  gcacntot.  ^ni|  a 
cuiTcnl  in  Ihe  direction  opposite  to  that  of  the  charging  curresL  Ife 
£.  M.  F.  is  about  3^  volts,  which  decreases  as  Ibe  discharge  goes  an.  Jt 
is  detrimental  to  [he  cell  to  dischaixc  it  so  long  that  its  E.  M.  F.  becamei 
less  than  1.8  volta.  The  efficiency  is  alniosl  80  per  cent.  The  slonct 
capacity  of  storage  cells  is  usually  rated  in  ampere-bours,  one  ampoe-limr 
being  3.60a  coulombs.  The  necessary  great  weight  of  the  storage  cell  ia 
its  present  form  is  a  great  disadvantage,  JnterEcring  with  ils  portability. 
Also  the  plates  arc  apt  to  deteriorate  owing  to  the  expansion  and  contrac- 
tion of  tbe  active  material  during  charge  and  discharge,  tlius  making  it 
liable  to  fall  out  from  tbe  perforations  and  ahott  circuit  the  cell.  Tbe 
cnrrcnt  from  sucb  a  source,  however,  ia  very  constant  and  is  ezeeedingly 
convenient  for  many  purposes, 

CHEMICAL   GENERATORS. 

652.  Oeneral  Hethods.  So  far  in  the  development  of  the  gen- 
eral subject  we  have  said  very  little  about  the  practical  means 
of  generating  continuous  electric  currents  of  any  appreciable  mag- 
nitude. There  are  two  general  methods,  the  chemical  and  llie 
dynamic.  The  former  will  be  considered  first.  In  treating  of 
electrolysis  we  have  seen  that  chemical  energy  may  result  from 
the  expenditure  of  electrical  energy,  and  the  converse  should  be  ex- 
pected, namely  that  chemical  energy  may  be  changed  into  elec- 
trical energy. 

653.  The  Volta  Effect.  About  the  year  1786  an  Italian  physi- 
ologist, Galvani,  while  working  with  some  detached  frog's  legs 
near  an  electrical  machine  in  operation,  noticed  that  at  the  moment 
of  a  discharge  the  legs  would  give  a  slight  jerk.  Subsequently  he 
observed  that  similar  specimens  would  behave  in  the  same  way. 
when  blown  by  the  wind  against  an  iron  railing  from  which  they 
were  hung  by  a  copper  hook.  The  observation  was  tlie  subject 
of  a  spirited  discussion  between  Galvani  and  a  relative  of  his, 
Volta  by  name,  who  could  not  accept  Galvani's  explaaation  that 
the  effects  were  due  to  the  physiological  action  between  the  tissues 
of  the  animal.  Volta  held  that  tlie  effects  were  due  to  the  elec- 
trification brought  about  by  the  contact  of  dissimilar  substances, 
and  he  was  thus  led  to  the  discovery  that  when  a  plate  of  line 

^  I'le  of  copper  are  placed  in  dilute  sulphuric  acid  aiid  joined 
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;,  a  current  of  electricity  traverses  the  wire.     There  must 
^erefore  be  differences  of  potenlial  at  some  or  all  of  the  con- 
zinc,  acid  and  copper  and  the  algebraic  sum  of  these  is 
;  E.  M.  F.  that  causes  Ihe  current. 

Great  difficulty  has  been  found  in  drterniining  the  poleutial  differences 
at  these  cODlacts.     Volla  believed  that  Che  contact  helween  Ibe  (wo  metals 

arranged  metaU  in  a  series  such  that  each  was  positive  lo  the  next.  Lord 
Kelvin  also  adopted  this  view  as  a  result  of  experiments  in  which  * 
needle  like  that  in  the  quadrant  eteclranietcr  (i  607)  was  suspended  above 
two  melals  in  contact.  Others  have  found  that  the  series  is  entirely  dif- 
fereot,  if  these  experiments  are  performed  with  the  metals  in  gases  other 
iiAan  air.  In  fact,  all  such  experiments  merely  measure  Ihe  E.  M.  F.  of 
ta  cell  consisting  of  two  metals  and  a  gas.  Surface  polish,  absorption  of 
gases,  and  previous  contact  with  other  melals  affect  Ihe  apparent  potenlial 
differences  at  contact  of  metals.  As  a  result  of  the  extensive  labors  of 
oumerDus  workers,  it  is  now  generally  accepted  that  the  potenlial  differ- 
ences due  simply  to  the  contact  of  metals  are  at  least  extremely  small. 
Of  Ihe  potential  differences  al  the  contact  of  metal  and  liquid  there  is 
no  doubt.  II  can  be  measured  in  various  ways.  In  a  cell  consisting  of 
xinc  and  copper  in  dilute  sulphuric  acid  the  potential  of  the  copper  is  at 
0.46  volt  higher  than  Ihat  of  the  acid,  and  the  potential  of  the  zinc  is 
0.G3  volt  tower  than  that  of  the  acid.  Hence  the  copper  is  T.oS  volts 
higher  in  poleotia)  than  the  zinc,  and  this  is  closely  the  E.  M.  F.  of  the 
cell  as  found  by  an  clcclromeler  or  otherwise, 

654.  Voltaic  Cella.  In  the  storage  cell  described  in  §651,  the 
potential  energy  was  derived  by  th«  expenditure  of  electrical  work 
upon  the  cell.  If,  however,  the  substances  be  initially  assembled 
in  the  construction,  so  that  the  initial  effect  is  a  chemical  action 
resulting  in  an  electric  current,  the  cell  is  known  as  a  primary  or 
voltaic  cell.  If  such  a  cell  contain  dilute  sulphuric  acid  and  a 
zinc  anode  plate,  the  H,SO,  will  separate,  the  H,  being  replaced 
by  an  atom  of  zinc  because  in  the  combination  of  zinc  with  SO, 
more  energy  is  set  free  than  is  required  to  separate  H,  from  SO.. 
In  this  change,  therefore,  there  is  an  amoimt  d£  energy  developed 
which  appears  as  that  of  an  electric  current.  When  the  zinc 
anode  and  a  copper  plate  for  the  kathode  are  immersed  in  the 
dilute  acid,  and  connected  by  a  copper  wire,  the  first  effect  is  a 
volta  difference  of  potential  between  all  the  contacts,  the  alge- 
braic stim  of  which  taken  around  the  circuit  is  1.08  volts.  This 
is  the  initial  E.  M.  F.  of  the  cell.     But  the  current  obtained  from 
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the  cell  cannot  1>e  calculated  from  this  E.  M.  F.  In  faci  lit 
current  is  observed  to  die  away  very  rapidly.  Hence  an  oppcs- 
ing  difference  of  potcniial  niusi  have  developed  somewhere.  Thii 
H  found  to  be  at  the  junction  between  the  copper  and  the  h)*dra- 
tfcn,  to  be  in  fact  due  to  the  polarization  by  hydrogen  explained  in 
8647.  Many  nscs  have  been  found  for  cells  which  would  deliver 
«  fairly  constant  current  for  considerable  time,  and  an  earlj 
effort  was  made  to  correct  the  defects  due  to  polarizaijon.  If 
possible  the  hyilrogen  13  removed  either  mechanically  or  chemic- 
ally. Ilic  latter  method  is  the  belter  and  often  consists  in  sup- 
plying sufficient  oxygen  for  the  hydrogen  to  combine  with. 

In  Ihe  Bichromiiu  cell  this  ib  doac  by  adding  potassium  lucbromiU 
which  fumishes  ihc  o^jrHen  necesury  to  oxidiic  the  hydroEet- 

Th«  fiwufH  cell  coaslsls  of  a  large  line  anode  in  H^O,  solution,  withia 
which  i*  «  parous  earthen  cup  cmttaioing  a  carbon  rod  immeTsed  in  slianf 
nitric  acid.  A*  the  hydrticci)  tons  para  freely  in  through  the  walls  ol  (be 
cup  the  poiiiive  charsci  are  eiren  to  the  kathode  while  the  hydrogen  i< 
quickly  enditcd  by  the  nitric  acid.    Such  a  cell  has  an  E.  M.  F.  of  about 

The  D^nifll  cell  ii  perhaps  the  most  constant  of  any  in  eenenl  tue  and 
te>uii"'>  vi-r>  little  attention.  Its  kathode  is  a  copper  plate  in  a  solution 
of  CuSO„  the  line  anode  being  immersed  in 
lilulc  sulphuric  acid  which  is  contained  in  a 
'  porous  cup  standing  in  Ihe  CuSO,  solution. 
The  chemical  leaclion  may  be  slated  as  fot- 
lo«,  Zn  +  ZnSO.CuSO,  +  Cu=:aZnSO,+jCiu 
A  form  of  this  is  the  e^n-ily  cell  (fig.  417) 
which  does  away  with  the  porous  cup.  tte 
copper  plates  surrounded  by  the  copper  sotn- 
tian  being  in  the  bottom  of  the  contoinintl 
vessel.  The  line  plale  is  hung  near  the  lop 
of  Ihc  vessel,  the  solution  of  HiSO,  sur- 
rounding it.  The  ditrerence  in  density  be- 
tween Ihe  two  solutions  helps  to  keep  then 
apartv  There  is  no  tendency  to  mix  diffuvly 
while  Ihe  cell  is  in  acliDn. 
)  The   Jry   cells,   of  which   there   arc  nuny 

sorts  on  the  market,  are  adapted  especially 
for  InieimiiiTnl  service,  such  as  ringing  bells  or  operating  signals.  On 
shorl  circuit  they  polariie  after  a  lime,  though  they  partially  recotei 
if  aUowcd   la   rest.    The  genera)   principle  of  these  cells  is  that   of  the 
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Leclamhi  wbich  bas  for  a  positive  clrineDt  a  plalc  of  carbon  packed  in 
manganese  dioxide.  The  negative  pole  is  of  linc  and  Ihe  cleclrolyle  ii 
an  ammonium  chloride  solution.  The  chemical  reactions  may  be  cxpresied 
as   foElons,  Zn  +  aNH.Cl+aMnO,  =  Zna,+  3NH,+  Mn,0,  +  H,0. 

665.  EnergoticB  of  a,  Voltaic  OeU.  The  E.  M.  F.  of  a  voltaic  cell 
can  in  certain  cases  be  calciilaletl  at  once  from  the  chemical  reac- 
tions that  take  place.  For  E  is  ihe  difference  of  potential  of  the 
plates  of  the  cell  when  they  are  connected  through  a  sufficicnily 
great  external  resistance,  and  this  equals  the  work  done  in  irans- 
ferring  unit  of  electricity  from  the  plate  of  lower  potential  to  that 
of  higher.  Now  let  A  be  the  decrease  of  chemical  energy  caused 
by  the  reaclions  that  take  place  in  the  cell  when  one  coulomb  of 
electricity  passes  through  it.  If  the  electrical  energy  produced  13 
equal  to  the  decrease  of  chemical  energy  E^h.  Now  the  energy 
given  up  by  the  chemical  reactions  can  be  calculated  from  the  known 
heat  that  these  reactions  produce,  when  they  do  not  take  place  in 
a  voltaic  cell.  In  the  Daniell's  cell,  when  one  coulomb  passes, 
the  net  chemical  result  is  ihat  .0003387  g.  of  Zn  displaces  .0003293  k- 
of  Cu  from  combination  with  SO,.  Now  the  same  result  would 
take  place,  if  the  Zn  first  dissolved  in  H,SO„  giving  up  heat  and 
producing  H,  and  ihe  H  then  displaced  Cu  from  CuSO,,  requiring 
heat.  The  total  heat  that  would  thus  be  given  up  can  he  readily 
calculated  from  therniochemical  dala  {%26y)  and  is  found  lo  be 
.260  calories  or  (dividing  by  4.2  the  number  of  joules  in  a  caloric) 
1.09  joules.  Now  this  is  very  closely  the  E.  M.  F,  of  a  Daniell's 
cell.  Hence  we  are  entitled  to  conclude  that,  in  this  cell,  the 
electrical  energy  produced  is  simply  equal  to  the  chemical  energv 
expended. 

If,  however,  we  apply  the  same  method  to  the  simple  cell  of 
Volta,  the  result  is  different.  Here  when  one  coulomb  passes 
.0003387  g.  of  Zn  dissolves  in  H,SO,  and  this  produces  .197  calorie 
or  .83  joules.  Hence  if  the  electrical  energy  produced  were  equal 
to  the  chemical  energy  expended,  the  E.  M.  F.  would  be  .83  volts. 
In  reality  the  E.  M.  F.  of  the  cell  is  1.06  volts.  The  full  explana- 
tion of  this  difference  and  of  similar  differences  in  other  cells  was 
first  given  by  Helmholtz.  who  showed  that,  in  general,  part  of  the 
electrical  energy  comes  from  other  than  chemical  sources,  that,  in 
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fact,  as  the  current  passes  heat  is  taken  up  by  reversible  thermal 
effects  (§671)  at  the  various  contacts.  This  was  experimentally 
verified  by  Jahn  by  placing  a  cell  in  a  calorimeter.  From  the  prin- 
ciples of  thermodynamics  Helmholtz  deduced  a  complete  formula 
for  the  E.  M.  F.  of  a  cell.  If  c  is  the  temperature  coefficient  of  a 
cell,  that  is,  the  change  in  its  £.  M.  F.  when  the  temperature  of  the 
whole  cell  is  changed  by  i**,  and  if  the  cell  is  at  T^  absolute. 


Since  c  can  be  found  experimentally,  E  can  be  calculated  and 
Helmholtz's  formula  is  thus  verified  In  Daniell's  cell  c  is  ex- 
tremely small,  which  accounts  for  the  fact  that  the  simpler  for- 
mula E  =  h  gives  the  E.  M.  F.  of  a  Daniell's  cell. 

656.  Standard  Cells.  For  many  accurate  electrical  measure 
ments  a  definitely  known  E.  M.  F.  is  absolutely  necessary  and  sev- 
eral forms  of  standard  cell  have  been  devised  to  meet  this  require- 
ment. In  no  case  are  they  used  to  furnish  current,  but  only  to 
establish  a  potential  difference  that  can  be  accurately  known  and 
relied  upon  at  any  definite  known  temperature.  The  Qark  cell 
meets  these  requirements.  As  at  present  constructed  it  is  con- 
tained in  a  glass  vessel  of  the 
shape  shown  in  Fig.  418.  At 
the  bottom  of  the  left  hand 
part  is  placed  the  anode,  con- 
sisting of  a  10  per  cent  zinc 
amalgam,  above  which  arc 
packed  small  crystals  of  ZnSO,. 
In  the  other  limb  at  the  bot- 
tom is  mercury  over  which  is 
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'^•^  <^  >^ia^*  a    layer    of    a    paste    formed 
5^^x        of   mercurous    sulphate   and  a 


saturated    zinc    sulphate    solu- 
*  ■*'  '  tion.    A  saturated  zinc  sulphate 

solution  then  fills  the  vessel  to  a  point  near  the  top,  where  it  is 
sealed  with  a  stopper.  As  the  concentration  of  the  zinc  sul- 
phate solution  depends  on  the  temperature,  and  for  other 
reasons,  the  resulting  E.  M.  F.  is  a  function  of  the  temperature. 
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-The  following  formula  gives  the  E.  M.  F.,  E,  at  a  lemperature  t", 

t£.  =  M33-"6Xio-('-»5)  — io-*('-i5)' 
iher  staadard  cell,  known  as  the  cadmium  cell,  is  constructed 
exactly  like  the  Clark  cell  with  the  exception  that  cadmium  is 
used  as  an  electrode  instead  of  the  zinc,  the  electrolyte  being 
a  saturated  solution  of  cadmium  sulphate.  The  E.  M.  F.  of  this 
cell  at  C*  is  given  by  the  formula 

£,  =  1.0184  — 3.8  Xio-'((~  20)  —  0.065  X  lo-*((  — 20)' 

The  cadmium  cell  excels  the  Clark  cell  in  the  fact  that  its  tem- 
perature variation  is  considerably  less, 

657.  Various  AxruKemflnts  of  Cella.  In  the  use  of  voltaic  cells 
and  other  current  generators  two  or  more  are  often  necessary  to 
produce  a  desired  result,  and  in  joining  them,  one  of  two  or  three 
methods  must  be  chosen.  The  two  general  ways  are  in  seriet  and 
in  muUipU.  The  former  consists  in  arranging  the  cells  with  the 
negative  pole  of  the  first  joined  to  the  positive  of  the  next,  and 
the  negative  of  the  second  to  the  positive  of  the  third  and  so  on 
till  all  are  joined.  The  latter  consists  in  joining  all  the  positive 
poles  together  for  one  terminal  and  all  the  negative  poles  together 
for  the  other  terminal.  When  cells  are  joined  in  series  the 
El.  M.  F.  is  increased  in  proportion  to  the  number  of  cells,  but  the 
internal  resistance  is  also  increased,  50  that  on  short  circuit  the 
current  may  be  little  greater  than  could  be  obtained  from  a  single 
ceU.  When  n  cells  are  joined  in  multiple,  however,  the  effect  is  as 
if  a  single  cell  were  used  with  each  plate  n  times  as  large.  But  in 
this  case  the  resistance  would  be  i/nlh  as  great  as  that  of  a  single 
cell.  Therefore  on  short  circuit  the  current  would  be  nearly  h 
times  as  great  as  from  a  single  cell.  If,  however,  the  external 
resistance  is  necessarily  a  large  part  of  the  whole,  then  the  maxi- 
mum current  is  obtained  by  joining  the  cells  in  series.  A  combi- 
nation of  both  methods  of  joining  cells  is  often  useful. 

Under  what  circumstaoces  a  maximum  cuirent  may  be  obtained  with  a 
given  number  of  cells  and  a  given  external  resistance  may  be  found  by  an 
application  of  Ohm's  law.  Suppose  we  have  n  cells,  each  of  £.  M.  F.  « 
and  resislance  t.  and  siipposc  the  cilcrnal  resistance  lo  Ijc  H.  Lei  ihe 
celb  be  joiDcd,  x  in  series,  and  suppose  there  be  j  lucb  scries  joined  in 
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jX.     Bat  .xr/j  is  the  total  intenul  ft- 
vMjwrr    of    the    battery,    whik  ^ 

reastance.    It  fol- 

that  with  a  fvvni  mm- 

fr€r  of  ceQs  the  maximiim  cnncnt 

is  ohtainrd  when  the  cells  ait  » 

Aat  the  ratio  of  the  internal 
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shall  be  as  nearly  as  possible  equal 

xa  unity.     It  is  evident  that  in  any 

SiTcn  case  the  conditions  for  max- 

iBnnn  cnrrent  can  be  only  approxi- 
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srskce  a  ceZI  cazmot  be  subdivided. 
is  e-r>5es2!T  ac<  the  arrangement  that  will  resolt  in  the  maxinnnn 
icy.  Since  :he  euagj  expended  in  any  part  of  the  circuit  is  pro- 
^rS-cjI  »  t^  reszssaace  of  that  part,  the  energy  wasted  on  the  battery 
s  cv>3e=:tly  5:  per  cect.  of  the  whole,  and  the  osefnl  cflBciency  is  only  50 
per  cezit.  Scoe  ether  arransement  of  the  cdls  which  woold  result  in  a 
>s$  vuaietit  woald  also  residt  in  a  larger  part  of  that  current  being  usefully 
ecpksyed  in  the  external  circuit.  The  maxininm  efficiency  will  evidcotly 
ressZt  when  the  ictcmal  resistance  is  least. 


ELECTROTHERMAL  EFFECTS. 

658.  Joule's  Law.  If  a  quantity  Q  of  electricity  be  moved  from 
one  point  to  another  against  a  potential  difference  F,  the  poten- 
tial energy  produced  i*-ill  be  QV \  and  if  the  quantities  be  ex- 
pressed in  C.  G.  S.  electromagnetic  units,  the  energy  will  be  ex- 
pressed in  ergs.  If  now  Q  flow  uniformly  in  time  /  from  the  point 
at  the  higher  potential  to  that  at  the  lower,  the  potential  energy 
\V  will  be  expended  on  the  conductor,  and  since  Q  =  It,  we  shall 
have  lV  =  ItV.  If  /  be  expressed  in  amperes  and  V  in  volts, 
W  will  be  expressed  in  joules.  This  follows  from  the  fact 
that  one  ampere  is  io~^  absolute  units,  and  one  volt  is  10*  abso- 
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lute  units;  therefore  their  product,  which  is  10^  absolute  units  of 
work  per  second  must  be  in  joules  per  second,  as  one  joule  is  10^ 
ergs. 

As  y  =  IR  from  Ohm's  law,  we  may  write 

W^PRt 

Since  then  W  =  VI f  =  PRt,  we  may  state  that  the  work  done 
per  second  by  one  ampere  between  two  points  in  a  conductor 
differing  in  potential  by  one  volt,  or  between  which  there  is 
one  ohm  resistance,  is  one  joule.  Because  the  relation  expressed 
in  the  above  equation  was  first  established  experimentally  by 
Joule,  it  is  usually  known  as  Joule's  law.  The  energy  appears  as 
heat  in  the  conductor,  and  in  order  to  reduce  W,  expressed  in  ergs, 
to  calories,  we  must  divide  by  the  mechanical  equivalent  of  heat, 
or  by  4.19 X  10^  (§  3i6)«    In  this  case 

H  =  0.2387  X  lo'TRt  calories 

all  units  being  C.  G.  S.  electromagnetic  units. 

As  in  most  cases  the  heat  developed  in  a  conductor  is  waste 
energy,  it  follows  that  for  a  given  current  it  is  desirable  to  have 
as  little  resistance  as  possible.    From  Joule's  law  we  may  write 

at  once 

A  =  W/t  =  PR 

in  which  A  is  the  power  or  activity  required  to  maintain  a  cur- 
rent /  through  a  resistance  R.  If  /  and  R  are  expressed  in  C.  G. 
S.  units,  A  will  be  given  in  ergs  per  second.  If  however  /  be  in 
amperes  and  R  in  ohms,  then  A  will  be  in  joules  per  second  or 
watts. 

659.  The  Electrical  Measurement  of  the  Mechanical  Equivalent 
of  Heat  (see  §§295-297).  Evidently  Joule's  equation  may  he 
written, 

HJ  =  PRt 

both  sides  being  expressed  in  calories,  and  a  very  accurate  method 
for  determining  the  value  of  /  has  been  developed,  especially  hy 
Griffiths,  by  immersing  a  coil  of  platinum  wire  in  a  water  calor- 
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imeter  and  passing  a  known  current  through  the  coil  for  a  meas- 
ured time  /.  If  now  H  be  measured  by  the  usual  calorimetrical 
methods  and  R  be  determined,  all  the  quantities  except  /  will  be 
known  and  may  be  used  in  the  formula  to  get  /. 

660.  Electric  Heating.  If  a  sufficiently  strong  current  be  forced 
through  a  coil  of  wire,  its  temperature  can  be  raised  to  any  degree 
up  to  that  at  which  the  wire  will  be  fused  and  the  circuit  broken. 
Various  heating  devices  are  constructed  on  this  principle.  The 
material  should  have  a  rather  high  specific  resistance  and  a  low 
specific  heat.  For  domestic  purposes  it  is  desirable  that  the  tem- 
perature of  the  wires  should  not  be  high  enough  to  be  in  danger 
of  setting  fire  to  ordinary  objects.  For  increasing  the  heat  it  is 
desirable  to  call  into  service  more  wire  rather  than  to  raise  the 
temperature. 

661.  Safety  Fuses.  The  fact  that  the  temperature  may  get  so 
high  as  actually  to  melt  a  wire  and  thereby  open  a  circuit,  is  made 
use  of  in  practice,  to  protect  circuits  and  instruments  from  injury 
by  too  strong  a  current.  A  short  piece  of  fusible  wire  of  proper 
dimensions  is  inserted  somewhere  in  the  circuit,  often  enclosed 
in  a  protecting  tube.  If  by  carelessness,  ignorance,  or  by  acci- 
dent, that  part  of  the  circuit  becomes  overloaded,  the  wire  will 

melt  and  the  circuit  will  be  opened.   The 
device  is  called  a  safety-fuse, 

662.  Hot-wire    Measuring    InstnuneDtt. 
The  expansion  of  a  conductor,  owing  to  the 
heating  effect   of  an  electric   current  passed 
through  it,  is  made  use  of  in  some  instruments 
to    measure    current    strength.     Suppose,  for 
example,  between  the  points  A  and  B  in  an 
instrument,  Fig.  420,  a  fine  wire  is  fastened  of 
such   a   length   as   to   equal   AB    when  quite 
cold.    At  the  middle  of  the  wire  O  is  fixed 
a   light  thread   extending   in   both   directions 
perpendicular   to   the   wire.     On   one  side  it 
is  drawn  taut  by  a  spring  fixed   at   C.    In 
the   other   direction   the   thread   is   passed  a 
couple    of    times    around    a    small    dnmi,  to 
which   is   attached   an    index   needle   moving 
over  a  graduated  scale,  and  is  then  attached 
to  another  spring  of  somewhat  less  tension 
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thsn  llie  fomiCT.  From  the  description  the  action  is  clear.  If  a  (urrcnt 
passes,  the  witc  is  heated  anil  expands,  the  stack  being  taken  up  by 
Ifac  spring  OC.  The  motion  of  O  will  cause  the  drum  anil  needle  to 
rotate,  the  amplitude  of  the  motion  depending  on  the  rise  in  temperature 
caused  by  the  curtenL  If  there  were  no  losses  this  would  depend  on  the 
square  of  current  strength.  In  practice,  however,  the  scale  is  empirically 
graduated  by  the  comparison  of  the  instrument  with  a  standard.  As  in 
this  instrument  the  resistance  is  often  very  hieh,  owing  to  the  fineness  of 
the  wire,  it  is  usually  designed  as  a  voltmeter  rather  than  as  an  ammeter 
(S63.). 

ELECTRIC  LIGHTING. 

663.  The  Incandescent  Lamp.  It  has  been  seen  titat  if  the  cur- 
rent be  strong  enough  in  a  condtictor,  the  latter  gets  hot  and,  if 
this  heal  be  intense  enough,  the  conductor  becomes  white  hot  and 
so  is  a  source  of  light.  The  history  of  the  development  of  this 
industry  is  long  and  interesting  but  would  be  out  of  place  in  a 
book  of  this  character.  The  modern  incandescent  lamp  consists 
of  a  fine  conducting  filament  enclosed  in  a  pear-shaped  glass  bulb 
exhausted  of  air,  the  terminals  of  the  filament  being  led  through 
the  glass  by  means  of  two  short  platinum  wires.  For  this  purpose 
platinum  must  be  used,  because  it  has  an  expansion  coefficient  about 
the  same  as  that  of  glass,  and  so,  when  the  bulb  becomes  somewhat 
healed,  as  it  does  when  in  use,  it  neither  leaks  air  nor  is  broken. 
Edison  first  devised  this  form  of  lamp  in  1879  and  used  a  filament 
made  of  bamboo  and  carbonized  at  a  very  high  temperature.  The 
bulb  must  be  exhausted,  or  the  filament  would  be  consumed  by 
igniting  with  Ihe  oxygen  of  the  air.  The  earlier  lamps  were 
rather  short  lived  because  of  the  breaking  of  the  filaments  due  to 
various  causes.  Very  many  materials  besides  carbon  have  been 
experimented  with  for  filaments,  the  effort  being  to  produce  a 
lamp  of  long  life  and  of  high  efficifncy. 

The  efficiency  of  an  electric  lamp  is  defined  as  the  ratio  of  the 
electrical  power  expended  to  the  illumination  in  candle-power 
cmiltcd.  It  is  ordinarily  expressed  in  watts  per  candle-power. 
The  ordinary  commercial  unit  is  t6  candle-power  and  this  lamp 
it  used  mostly  on  an  E.  M.  F.  of  no  volts  taking  abotit  0.5  ampere. 

I  the  power  consumed  is  equal  to  EI,  the  ordinary  lamp  re- 
Bires  about  55  watts  or  alwut  3.5  watts  per  candle-power.    As 

B  light  emitted  by  the  carbon  filament  increases  far  more  rapidly 
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than  does  the  power  expended,  the  economy  is  rendered  greater  by 
increasing  the  current.  But  the  high  temperature  resulting  de- 
creases the  life  of  the  lamp,  so  that  electrical  efficiency  must  be 
sacrificed  to  some  extent  to  durability,  and  the  net  commercial 
efficiency  is  a  maximum  in  any  given  type  of  lamp  when  the 
saving  due  to  an  increase  in  electrical  efficiency  is  just  balanced 
by  the  loss  due  to  a  decrease  in  durability.  Filaments  have  been 
constructed  of  osmium,  tungsten,  tantalum,  and  some  other  ma- 
terials, all  giving  a  higher  operating  efficiency,  some  even  i 
watt  per  candle-power,  but  so  far  the  cost  of  production  has  been 
too  high  for  general  use.  There  is  little  doubt  however  that 
shortly  we  shall  be  able  to  produce  a  cheap  durable  lamp  of  an 
efficiency  of  i  watt  per  candle-power  or  less. 

The  "  glower  "  of  the  Nemst  lamp  contains  salts  of  zirconium,  yttrium, 
and  erbium,  which  radiate  highly  when  heated.  It  is  a  poor  conductor 
when  cold ;  hence  a  heater,  consisting  of  platinum  wire  on  kaolin,  is  placed 
beside  (or  around)  the  glower.  The  heater  is  automatically  cut  out  wheo 
the  glower  is  heated  to  the  point  of  conduction.  To  prevent  excessive  rise 
of  current  when  the  glower  conducts,  a  coil  of  fine  iron  wire  (for  "bal- 
last") is  put  in  service  with'nhe  glower;  the  increase  of  resistance  of  the 
former  compensates  the  decrease  of  resistance  of  the  latter.  The  Ncmst 
lamp  is  used  mostly  with  alternating  currents  (in  this  country),  but  direct 
currents  can  be  used.  It  can  be  made  with  an  efficiency  of  1.8  watts  per 
candle-power. 

664.  The  Sectric  Arc.  As  is  well  known  there  is  another  gen- 
eral method  of  lighting  by  electricity  and  it  is  by  far  the  older 
of  the  two.  Very  early  in  the  last  century  Davy  produced  a  power- 
ful light  by  placing  in  the  circuit  with  an  E.  M.  F.  of  50  or  60 
volts  two  carbon  rods,  which,  after  touching  together,  he  separated 
a  little.  If  the  carbons  are  in  a  horizontal  position  the  luminous 
stream  is  curved  upward  owing  to  the  current  of  hot  air,  and  the 
name  of  electric  arc  was  given  to  this  source  of  light.  As  a 
matter  of  fact,  most  of  the  light  is  emitted  by  the  ends  of  the  rods 
which  became  brightly  incandescent.  The  positive  rod  is  the 
hotter  and  is  somewhat  cupped  out  at  the  end,  the  negative  one 
becoming  pointed  as  the  lamp  burns.  The  positive  rod  bums 
away  about  twice  as  fast  as  the  negative  one.  The  lamp  proper 
consists  of  the  two  carbons  together  with  an  appropriate  mech- 
anism for  feeding  them  together  at  the  proper  rates.    This  regu- 
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the  substance  to  be  heated  is  placed  Through  the  opposite  sides 
of  the  block  a  pair  of  thick  carbon  rods  are  passed  into  the  cavity. 
A  very  strong  current  maintaining  the  arc  between  these  termi- 
nals furnishes  the  heat 

667.  Electric  Welding.  The  method  of  electrically  welding 
together  rods  and  wires  was  devised  by  Elihu  Thomson  who  used 
the  alternate  current  transformer  (§  694)  to  produce  currents  of 
hundreds  of  amperes  at  an  E.  M.  F.  of  only  a  few  volts.  If  two 
metal  rods  or  wires  be  forced  together  longitudinally,  while  such  a 
current  is  passed  through  them,  the  junction  becomes  hot  enougli 
to  melt  the  opposing  layers  and  firmly  weld  the  rods  into  a  single 
piece.  When  this  is  completed  the  rod  has  become  uniform  and 
the  heat  is  no  longer  localized. 

THERMOELECTRIC   EFFECTS. 

668.  The  Thermoelectric  Junction.  The  pages  just  preceding 
have  demonstrated  that  the  conversion  of  electric  energy  into 
heat,  which  is  called  the  Joule  effect,  is  easy  and  complete 
We  shall  now  consider  the  reverse  process,  which  is  most  difiB- 
cult,  except  in  a  very  inefficient  way.  In  1821  Seebeck,  while 
studying  potential  differences  in  general,  discovered  that,  if  a 
circuit  be  composed  of  copper  and  iron  wires  joined  at  their 
ends,  there  is  a  current  in  the  circuit,  unless  the  two  junc- 
tions are  at  the  same  temperature,  the  current  flowing  from  the 
hot  junction  to  the  cold  in  the  iron.  The  potential  difference  caus- 
ing the  current  depends  upon  the  particular  substances  employed, 
upon  the  difference  in  temperatures  of  the  two  junctions,  and  also 
upon  the  mean  temperature  of  these  junctions. 

Thus  let  Fig.  421  represent  a  circuit  composed  of  a  copper  and 
an  iron  wire  joined  at  the  points  A  and  B.    li  A  h^  kept  at  0* 


cu 


while  B  is  gradually  heated,  a  current  will  flow  from  copper  to 
iron  through  B,  increasing  in  strength  as  the  temperature  rises 
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tin  a  temperature  of  about  275'  is  reached.  As  this  temperature, 
called  ihe  neutral  point,  is  exceeded,  the  current  will  begin  to 
decrease  in  strength  till  the  temperature  of  B  has  reached  about 
550° ;  beyond  this  temperature,  called  the  temperature  of  inversion, 
the  current  is  in  the  opposite  direction.  This  phenomenon  of 
inversion  was  discovered  by  Gumming  in  1823.  Fig.  422  illustrates 
these  relations.  As  the  resist- 
ance is  nearly  constant  the  cur- 
rents are  proportional  to  the 
varying  E.  M,  F.'s  measured 
in  micro-volts,  which  are 
plotted  as  ordinales.  while 
temperatures  are  plotted  as 
abscissas.     Curve   a   illustrates  "  Pi^c. '««. 

ihe  case  just  described,  while  b 

is  the  same  when  the  junclion  A  is  kept  al  100°  instead  of  at  0°. 
Curve  c  is  a  tmcAvon  diagram  in  which  the  neutral  point  is  about 
200".  It  must  he  noticed  that  the  neutral  point  depends  only  on 
the  two  metals  concerned  and  is  constant  for  these  two,  while  the 
temperature  of  inversion  is  variable  and  is  always  as  much  above 
the  neutral  point  as  the  temperature  of  the  other  junction  is 
below  it 

669.  Thermofllectric  Power.  An  examination  of  the  curves  in 
Fig.  422  shows  them  lo  be  approximately  parabolas.  Since  poten- 
tial differences  are  ordinates  and  temperatures  are  abscissas  the 
equation  may  be  written 

r=a/-t--/' 


■where  a  and  6  are  constants  depending  on  the  particular  metals 
chosen.  It  is  usual  to  choose  some  metal  as  a  standard  and  to  refer 
all  others  to  this  one.  The  one  adopted  is  lead.  Let  the  curve 
Fig.  422  represent  the  V,  I  relations  in  the  case  of  a  lead-iron 
circuit,  one  junction  being  at  0°.  In  this  case  it  has  been  found 
experimentally  that  the  neutral  point  is  357°  and  the  temperature 
of  inversion  714°-  If  the  potential  difference  developed  were  pro- 
portional to  the  rise  of  temperature  of  the  hot  junction,  the  above 
"  ta  straight  line.    This  bowevec^ 
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case  and  the  rate  at  which  V  varies  with  t  is  determined  at  any 
temperature  by  drawing  a  tangent  to  the  curve  at  that  point  and 
measuring  the  tangent  of  the  angle  it  makes  with  the  axis  of 
temperatures.    This-  equals  dV/dt  or  from  the  equation  of  the  curve 

This  is  known  as  the  thermoelectric  power  of  the  two  metals, 
and  is  seen  to  be  a  linear  function  of  the  temperature. 

When  dV/dt  is  zero  F  is  a  maximum  and  /==/»  (the  neutral 
point)  =  —  a/h.  Hence  from  the  first  equation  F'nyuj  =  —  (f/2b, 
and  so,  substituting  the  experimental  values  for  /^  and  Vjoax,  we 
can  determine  the  values  of  a  and  h  for  any  particular  pair  of 
metals. 

The  following  table  gives  an  idea  of  the  relation  of  several  of 
the  common  metals  to  lead  as  determined  by  the  values  of  a  and 
h,  and  of  the  neutral  points. 

Neutral  point,  a.  h. 

Iron    +357*  +17-34  —0.0487 

Tin    +    45  —   0.43  +  0.005s 

Zinc    —    32  +    2.34  +  0.0240 

Copper   —   68  +    1.36  — 0.0095 

Cadmium    —   69  +    2.66  +  0.0429 

Aluminum    — 113  —    0.77  +0.0039 

Silver    — 115  +    2.14  +0.0150 

670.  The  Peltier  Effect.  What  may  be  deemed  a  converse 
of  the  Seebeck  eflfect  was  discovered  by  Peltier  in  1834,  viz. 
that  when  an  electric  current  is  sent  through  a  junction  of  two 
metals,  the  result  is  either  an  absorption  or  an  evolution  of 
heat  according  to  the  direction  of  the  current.  If  the  current 
passes  in  the  same  direction  as  that  developed  by  heating  the 
junction,  then  absorption  of  heat  occurs  at  the  junction,  but  if  in 
the  opposite  direction,  evolution  of  heat  at  the  junction  results. 
This  is  known  as  the  Peltier  effect.  As  this  effect  is  never  very 
intense,  it  is  often  masked  by  the  Joule  effect  resulting  from  the 
resistance  of  the  circuit,  since  the  former  is  proportional  to  the 
first  power  only  of  the  current,  while  the  latter  is  proportioiial  to 
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the  square  of  the  current.     A  simple  way  of  demonstrating  the 

Peltier  effect  is  to  form  a  cross  of  bismuth  and  antimony  rods 

joined   in  the  middle.  Fig,  423.     If  a  difference  of  potential  is 

maintained  between  A  and  B,  by  joining  these  points  to  the  poles 

E  a  current  generator  of  some  sort,  a  current  will  flow,  say,  from 

[  through  the  junction  to  B  as  indicated  by  the  arrows.     This  ts 

I  direction  opposite  to  that  which  would  result  if  the  junction 

kre  heated.     The  effect  of  such  a  current,  according  to  the  law 

bled,  will  be  to  heat  the  junction.     This  heat  will  in  turn  cause 

^current  to  flow  from  the  bismuth  to 

!  antimony  through  the  other  ends 

cross  which   current  will    be 

jdicaled    by    a    galvanometer    con- 

xrted  between   A'   and   B'.     If   the   ■ 

aierator    current    be    reversed,    the 

inction  will   be  cooled,  and.   if  the 

Pbole  be  at  o"   at  first,  a  drop  of 

1  the  junction  may  be  frozen 

f  the  cooling  effect  of  the  current.     If 

JBr  made  up  of  three  pieces  in  the  order  antimony-bismuth-anti- 
my,  Fig.  424,  the  healing  and  cooling  effect  will  be  produced 
multaneously,  heat  at  h  where  the  current  passes  from  antimony 


»,gh  a 


to  bismuth,  and  cold  at  c 
where  the  current  flows  from 
the  bismuth  to  the  antimony. 


Each  junction  is  surrounded  by 

an  air-tigbl  bulb  Glkd  with  air, 
the    bulbs   being   jointed    across 
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by  a  fine  lube  containing  a  short  thread  of  mercury,  the  positioii  of  wkidi 
is  in  the  middle  when  the  lempeiature  is  the  ume  at  (be  two 
If  now  a  current  be  sent  ibrough  the  rods  in  the  direction  of  the 
the  left  hand  junction  will  get  warm  while  the  right  band  one  will 
cooler  than  the  test  of  the  circuit.  The  result  is  to  push  the  roercnrj  dre^ 
towards  the  right,  because  of  the  increase  of  air  pressure  on  the  lefl  mi 
the  decrease  of  it  on  the  right.  The  result  of  the  Joule  effect  is  the 
on  both  sides  and  so  has  no  effect  on  the  mercury,  whatever  motion  tbete 
is  being  due  entirely  to  the  Peltier  effect. 

672.  Tte  Tbomaon  Eflect.    Suppose  a  ibermoeleciric  circuit  as  in  Fi 

4j6,     An  iron  wire  I  passes  through  (he  bottoms  of  two  glass  vessels  and 

both  ends  is  joined  la  a  copper  wire  c  which  complele*  the  circinl  ibo 

■he  vessels.     Suppose  water  and  ice 

/         ™  "       >      '        C        )  are   placed   in   the   left    hand  <es 

I  and  water  at  a  temperature  (,  is  i 
111                                              t        ri     '"  "'^  <"*"'   vesseL  A   current  wil 
\  W|  I                                         I   I     1     ""*  ^''*  around  the  circuit  in  the 
\         I                                          M  J     direction   indicated   by   the   arroi 

I I  _     ^  i.  e..  through  the  hot  junction  ff»B 

"  ~~^  the  copper  to  the  iron.  But,  accordinf 

p,o   ^js_  to  the  Peltier  law.  there  will  be  la 

absorption  of  heat  at  the  right  band 
junction  which  will  be  supplied  from  the  warm  water,  and  an  evotucion  of 
heal  at  the  left  hand  junction  which  will  melt  some  of  the  ice.  We  le^ 
then,  that  (he  thermoelectric  current  is  accompanied  by  a  transfer  of 
from  a  "  soiu-cc  "  to  a  "  refrigerator,"  and  if  (he  amount  of  heat  Ibat  di>- 
appears  from  the  "  source "  is  just  equal  to  that  which  appears 
"  refrigerator,"  added  to  what  is  developed  in  the  circuit  by  tbi 
effect,  we  have  a  striking  analogy  to  a  thermodynamic  engine  and  Ibe 
maintenance  of  the  current  is  accounted  for.  If  an  electric 
included  in  the  circuit  the  analogy  would  be  still  more  complete.  Ag>ta 
if  we  arrange  things,  as  is  quite  possible,  so  that  the  Joule  effect 
small  and  so  that  no  appreciable  heat  conduction  occurs  along  the  circuit 
we  shall  apptoximafe  to  a  reversible  heat  engine.  From  the  lherni» 
dynamic  considerations,  then,  it  follows  that  if  1^  the  temperature  of 
cold  junction,  be  kept  constant,  the  E.  M.  F.  of  the  circuit  would  be  ptn 
portional  to  the  difference  in  temperatures  between  the  hoi  and  cold  im 
tions.  But  this  is  not  consistent  with  the  phenomenon  of  inversi 
discovered  by  Gumming.  For  (his  reason  Kelvin  was  led  to  look  for  soi 
other  reversible  thermal  effect  due  to  the  current,  besides  the  Peltier  effe 
The  result  was  that  he  discovered  that  when  a  current  is  passing  in  a  M 
duclor,  in  which  the  temperature  is  differcnl  in  different  places,  heat 
liberated  at  a  given  point  when  the  current  is  in  one  direction  and  absolt 
if  the  current  is  in  the  opposite  direction.    The  eflect  of  the  diiectioit 
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the  current  depends  on  the  substance.  In  the  case  of  copper  there  is  heat 
absorption  when  the  current  is  from  cold  to  hot  in  the  wire,  while  the 
crent  is  reversed  when  the  current  is  rerersed  in  direction.  In  any  one 
case  the  reversing  of  the  current  reverses  the  thermo-effect.  This  phe- 
nomenon is  known  as  the  Thomson  efect.  It  was  shown  bj  Le  Roujc  in 
1867  that  the  Thomson  effect  is  practically  zero  in  lead  and,  for  this  reason, 
lead  is  chosen  as  the  metal  of  reference  in  the  thermoelectric  diagram. 

The  net  E.  M.  F.  of  a  thermoelectric  couple  is  due  to  the  algebraic  sum 
of  the  potential  differences  resulting  from  the  Peltier  effect  and  the  Thom- 
son effect. 

673.  The  Thermopile.  Many  attempts  have  been  made  to  use 
the  thermoelectric  principle  in  the  design  of  apparatus  for  pro- 
ducing electrical  energy  directly  from  heat  on  a  large  enough 
scale  to  be  of  use. 

Since,  however,  the  E.  M.  F.  of  a  bismuth-antimony  pair  when  the 
junctions  are  at  o^  and  100^  is  only  about  0.01  of  a  volt,  it  would  require 
more  than  100  pairs  to  jrield  one  volt.  Such  an  arrangement,  called  a 
thermopile,  Fig.  427,  is  made  by  joining  the  pairs  in  such  a  way  as  to  bring 
one  set  of  alternate  junctions  to  one  end  of  the  bundle 
while  the  other  set  is  at  the  other  end.  Thus  it  is  easy 
to  heat  one  set  and  to  cool  the  other  so  that  the  var- 
ious E.  M.  F.'s  all  act  together  in  the  same  direction. 
But  it  has  been  found  that  the  energy  efficiency  of  the 
thermopile  is  extremely  small,  only  a  fraction  of  one  per 
cent,  of  the  energy  of  the  heat  applied  being  recovered 
in  the  current.  The  direct  conversion  of  heat  into  elec- 
trical energy,  either  by  this  method  or  any  other,  has,  up  to  the  present 
time,  proved  to  be  of  little  value  commercially  because  of  the  small 
efficiency.  The  thermopile  has,  however,  a  valuable  place  among  the  sensi- 
tive instruments  for  detecting  and  measuring  small  differences  of  tempera- 
ture. For  this  purpose  it  is  used  with  a  sensitive  galvanometer.  Tne 
use  of  this  instrument  in  the  investigation  of  radiant  energy  has  already 
been  mentioned. 


Fig.  427. 
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674.  Induced  Electric  OnrreatB.    On  November  24,  1831,  Michael 

■aday  described  to  ihe  Royal  Society  of  London  a  series  of 
leriments  showing  ihat  electric  currents  can  be  produced  in  a 
ied  conducting  circuit,  (a)  by  moving  neighboring  magnets;  or 
by  changing  the  current  in  a  neighboring  electric  circuit;  or 
■)  by  moving  a  neighboring  electric  circuit.  An  electric  current 
produced  is  said  to  be  induced,  and  the  phenomenon  is  called 
•.clromagnetic  induction.  Few  di&coveries  in  science  have  had 
iportant  practical  results  as  this  discovery  of  Faraday's, 
lost  every  modern  industrial  application  of  electricity  depends 
electromagnetic  induction.* 

675.  Faraday's  Experiments.  The  experiments  on  induced  cur- 
rents made  by  Faraday  were  the  following:  {!.)  A  coil  of  wire  B 
forms  a  closed  circuit  through  a  sensitive  galvanometer  C  (Fig. 
428).  When  the  pole  of  a  mag- 
net is  brought  up  to  B,  a  mo- 
mentary current  is  induced  in 
B,  and  the  galvanometer  needle 
is  deflected.  When  the  magnet 
pole  is  removed,  a  momentary 
current  is  again  induced,  but  * 
in  the  opposite  direction  to  that 
upon  approach.     The  following 

facts  may  be  noted:  (a)  The  essential  motion  is  relative,  that  is, 
moving  the  coil  to  or  from  the  magnet  produces  ihe  same  effect 

Joseph  Henry  discovered  independently  the 

gnelie  induction,  and  probably  even  nnlici- 
Bul  Professor  Henty  worked  under  many 

va  of  Alliany,  New  York,  ond  his  discoveries 

irae  they  were  made. 


•  Working  Bt  the  same  lime, 
fundamental  facts  of  electrom: 
paled  Faraday  in  some  cases. 
disad vantages  in  the  isolated  to 
widely  known  at  lie 
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as  moving  the  magnet;   (b)   the  current  lasts  only  during  the 
time  of  motion;  when  the  magnet  and  the  coil  are  relatively  at 

rest,  there  is  no  induced  current;  (c)  bring- 

—y^-'^-tr-^  -,  _       ing  up  a  iV  pole  to  a  coil  induces  a  current 

*^     ^^  anti-clockwise  as  seen  from  the  pole;  that  is, 

the  induced  current  makes  this  face  a  N  face 
(§623).  Thus  the  approaching  N  pole  is  re- 
pelled by  the  magnetic  action  of  the  induced 
current.  Removing  the  N  pole  induces  a  clock- 
wise current,  that  is,  makes  the  coil  face  a  S 
face.  Thus  the  N  pole  is  attracted  as  it  is 
removed.  An  approaching  5"  pole  induces  a 
current  in  the  same  direction  as  a  receding  N 
pole,  and  vice  versa  (Fig.  429).  Or  in  gen- 
eral, the  magnetic  action  of  the  induced  cur- 
rent opposes  the  motion  of  the  magnet.  This 
is  evidently  a  case  of  action  and  reaction.  If 
the  approaching  magnet  were  attracted  by  the 
induced  current,  it  would  require  no  work  to 
bring  the  magnet  up,  and  we  would  get  an 
electric  current,  which  represents  energy,  without  the  expenditure 
of  work.  This  would  be  contrary  to  the  principle  of  the  conser- 
vation of  energy  (§318). 

We  can  now  describe  the  above  experiment  in  the  convenient 
terms  of  the  magnetic  field  and  the  magnetic  lines  of  force,  as 
conceived  by  Faraday  (§551).  The  magnet  is  surrounded  by  a 
magnetic  field,  and  the  lines  of  force  emerge  from  the  N  pole,  and 
enter  at  the  S  pole.  The  motion  of  the  magnet  thus  changes  the 
number  of  lines  of  force  included  by  the  coil.  The  experiment 
thus  shows  that,  (a)  a  change  of  the  number  of  lines  of  magnetic 
force  included  by  a  circuit  induces  a  current  in  the  circuit;  (b) 
the  current  induced  is  proportional  to  the  rate  of  change  of  in- 
cluded lines  of  force;  and  (c)  the  magnetic  lines  from  the 
induced  current  increase  as  the  magnetic  lines  from  the  magnet  de- 
crease through  the  circuit,  and  vice  versa.  The  positive  direc- 
tion of  change  of  lines  is  to  be  reckoned  in  the  same  direction  for 
both  magnet  and  current.  Faraday's  other  experiments  are  now 
easily  described. 
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_  (II.)  Substitute  for  the  magnet  f^S,  a  coll  carrying  an  doctrlo 
ennent.  A  is  thus  surrounded  by  a  magnetic  field  (§614),  and 
moving  A  in  front  of  B,  changes  the  number  of  magnetic  hues 
included  by  B,  and  thus  induces  an  electric  current  in  B  during 
the  time  of  motion.  When  A  is  approaching  B,  the  opposing 
faces  of  the  two  coils  are  either  both  iV  or  both  5;  and  for  this 
case  the  induced  current  in  B  must  be  inverse  in  direction  to  the 
current  in  A.  Similarly  it  is  seen  that  upon  the  receding  of  A, 
the  induced  current  is  direct  to  that  in  A. 

The  coil  A  carrying  the  original  or  inducing  current,  is  called 
the  primary  coi!  {Pr),  and  its  current  the  primary  current.  The 
coil  B  is  called  the  secondary  coil  (Sc),  and  the  induced  current, 
the  secondary  current.  A  current  in  the  same  direction  as  the 
primary  current  is  called  direct,  and  a  current  in  the  opposite 
direction  is  called  inverse. 

(III.)    With  two  goUb  a  a  b 

and  B  as  before,  we  can 
change  the  number  of  lines 
of  force  through  B,  by  chang- 
ing the  current  in  A  (Fig. 
430).  Thus  we  find  that, 
making  or  increasing  the  Pr 
current  induces  a  momentary 
inverse  current  Sc  in  B ;  and  that,  breaking  or  decreasing  the  Pr 
current  induces  a  direct  current  in  the  secondary  circuit. 

The  coils  A  and  B  may  he  placed  anywhere,  provided  that  the 
magnetic  lines  from  A  pass  through  B.  Coils  wound  over  or 
alongside  of  each  other  on  a  cylinder  are  common  arrangements 
for  obtaining  maximum  induced  currents.  Two  straight  parallel 
wires  may  similarly  form  primary  and  secondary  circuits.  This  is 
often  the  case  in  telephone  circuits,  and  is  the  cause  of  the  "  cross 
talking"  in  the  hues. 

(IV.)  If  A  and  B,  one  or  both,  have  an  Iron  core,  the  induced 
tenrrents  are  greater,  but  in  the  same  direction  as  without  the  iron 
This  is  easily  explained  in  terms  of  lines  of  force.  Iron  has 
a  greater  magnetic  permeability  (§557)  than  air,  so  that  a  given 
change  in  the  primary  current  produces  a  greater  change  in  the 
magnetic  flux  through  the  secondary  circuit,  and  thus  causes  a 
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greater  induced  current.     Figs.  431   and  432  sh( 

rangements  of  the  primary  and  secondary  coils  on  iron  cores.    The 


arranj^ement  shown  in  Fig.  433  is  one  Faraday  used  in  his-  earliest 
experiments. 

676.  Lenz'B  Law.  In  1834,  Lenz  stated  the  following  important 
relation  between  the  induced  current  and  the  motion  of  the  elec- 
trical circuit  or  the  magnet  causing  the  induction:  The  induced 
current  is  in  sjich  a  direction  as  to  oppose  by  its  electratnagnelic 
action  the  motion  of  the  magnet  or  the  coil  tukich  produces  the 
induclioH.  We  have  already  seen  that  this  holds  in  the  case  of 
the  motion  of  a  magnet,  and  it  is  easily  seen  that  it  also  holds  for 
two  coils  moving  relatively  to  each  other, 

Lenz's  law  can  be  extended  to  the  case  of  a  current  induced 
by  the  variation  of  a  primary  current,  but  the  reactions  arc 
then  purely  electromagnetic.  When  the  current  is  induced  in  a 
secondary  coil  B  by  making  or  breaking  the  current  in  a  primary 
coil  A,  we  have  a  reaction  of  B  on  the  current  in  A.  That  is  the 
electromagnetic  induction  is  nautual.  We  thus  have  the  following 
series  of  actions  and  reactions:  Starting  a  current  in  A  produces 
magnetic  lines  through  A,  and  part  of  them  pass  through  B. 
There  is  thus  an  inverse  current  induced  in  B.  But  this  induced 
current  started  in  B  produces  lines  which  are  opposite  to  those 
produced  by  the  primary  current  in  A.  The  effect  of  the  induced 
current  is  thus  to  oppose  and  retard  the  building  up  of  the  magnetic 
field  through  the  coils. 

Upon  breaking  the  primary  current,  the  current  induced  in  B 
is  direct;  that  is.  this  induced  current  produces  magnetic  lines 
which  arc  in  the  same  direction  as  those  produced  by  A.  The 
effect  of  the  induced  current  in  B  is  thus  to  maintain  the  field, 
that  is,  to  delay  the  decrease  of  the  number  of  lines  of  force 
through  the  coils. 
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}  It  can  thus  be  aeen  that  in  general,  the  ma^etic  action  of  the 
K'lnduced  current  opposes  the  magnetic  action  of  the  inducing 
current. 

The  study  of  the  actions  and  reactions  of  the  primary  and  sec- 
ondary currents,  with  their  energy  relations,  is  very  important  in 
understanding  the  complele  theory  of  the  induction  coil  (g686), 
and  of  the  alternating  current  transformer   (§694), 

677.  Induction  by  CnttinK  Lines  of  Force.  One  of  Faraday's 
early  observations  was  that  "  single  wires,  approximated  in  certain 
directions  towards  the  magnetic  pole  (of  a  large  electromagnet), 
had  currents  induced  in  them."  It  is  often  convenient  to  consider 
across  lines  of 


force,  or  as  we  often  say,  due  to  "cutting  lines  of  force."  Thus 
suppose  the  wire  AB  moved  across  the  field  between  the  poles  N 
and  S  (f.  g.,  of  3  U-shaped  magnet).  In  case  (a)  the  wire  forms 
part  of  a  complete  circuit  ABG.  In  moving  AB  down,  the  number 
of  lines  through  the  circuit  (looked  at  from  below),  is  increased, 
and  an  anti-clockwise  current  (seen  from  below  again)  is  induced, 
that  is  from  ^  to  B  in  the  part  AB  of  the  circuit.  In  case  (b),  the 
wire  forms  part  of  the  circuit  ABC,  and  the  motion  downwards 
induces  a  current  in  the  circuit,  so  that  the  current  flows  from  A 
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wise   as  shown.)     When   ihe   motion  is   upward,  the  current  b 
evidently  from  B  to  A.     The  three  directions,  of  magnetic  fi<14 

motion,  and  induced  current,  are  thus  mutually  at  right  anf^ei 
indicated  in  the  rectangular  axes  of  Fig.  4340.  Professor  J.  A. 
Fleming  has  given  a  convenient  rule  for  rcmemhering  these  reli- 
live  directions.  Holding  the  right  hand  as  indicated  in  Fig.  434^, 
with  the  thumb,  the  forefinger  and  the  center  finger,  making  right 
angles  with  each  other,  then  if  the  forefinger  is  held  in  the  direc- 
tion of  the  magnetic  field,  and  the  thumb  in  the  direction  of  the 
motion,  the  center  finger  will  intlicaie  the  direction  of  the  current 
6TS.  Numerical  Calculation  of  Induced  E.  M.  F.  By  Ohm's  law,  tbe 
induced  current  varies  directly  as  tbe  induced  electromotive  force 
inversely  as  tbe  resistance  of  the  curcuil.  The  resistance  is  a  constan' 
the  circuit  ({  617).  Experiments  show  that  tbe  electromotive  force  ioduced 
in  a  circuit  is  proportional  to  the  rate  of  variation  of  lines  of  force  throntk 


the 


,  Ibat  i 


.^ 


and  N,  and  A'',  are  the  number  of  lini 
the  beginning,  and  at  (he  eni 
tbe  lime  interval  I.  If  the  variatioa 
of  N  is  uniform  during  (he  time  I, 
then  the  E.  M.  F.  induced  is  coo- 
itanL  When  Ihe  variation  is  not 
uniform  tbe  E.  M,  F,  at  any  in- 
stant is  given  by  the  differential 
coefficient,  that  is,  £  =  —  KdNlil. 
In  these  expressions  iC  is  a 
C.  G.  S.  units,  then  it  can  be  si 


nity.     To  express  E  i 


:  divide  by    10'    (\6\6), 


The  negative  sign  is  explained  as  follows;  The  positive  direction  of  the 

lines  of  force  is  taken  as  that  of  the  advance  or  thnist  of  a  right-handed 
screw.  Fig.  433.  where  the  rotation  of  the  same  gives  the  positive  dJreetioD 
of  the  E,  M,  F„  or  current.  Thus  a  positive  increase  of  N  corresponds  M 
a  negative  induced  E.  M.  F. 

679.  A  Second  Numerical  Statement  of  Indnced  E.  M.  F.    It  is  often 

convenient  10  calculate  the  induced  E.  M.  P.  in  lemis  of  the  number  ol 
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tinea  of  force  eat  by  a  conduclor  p*r  second.  Let  H  =.  ih«  sirength  ot  the 
magnetic  field,  =;  the  number  of  lines  of  force  per  square  cenlimcler  section 
of  ihe  field  (1  SSt).  and  let  I  =  the  length  of  the  conductor  in  cent: meters, 
and  v=:lbe  velocity  in  ceniimcters  per  second.  If  the  motion  is  perpen- 
dicular to  the  linea  of  force  and  also  lo  the  length  direction  of  Ihe  con- 
ductor, then  the  number  of  lines  cut  per  second  is  h'H,  or  the  induced 
E.  M.  F.  is 


£^;i.W.or£(volts} 


IvH 


=  I'V-H  a: 


I  0  sin  ^ 


In  case  the  velocity  v,  and  the  conductor  length  arc  not  at  right  angles  to 
the  6eid  H,  their  components  at  right  angles  to  H  are  to  be  taken.  TKus 
if  the  conductor  of  length  P  makes  the  angle  9  with  the  field  H.  its  compon- 
ent at  right  angles  to  H  is  I  :=  t  ain  8 ;  and  similarly,  if  #  is  the  angle  the 
velocity  makes  witb  H.  we  have  the  velocity  component  at  right  angles  la  H, 
^  =  1^  sin  *.     The  induced  E.  M,  F.  is  thus 

IB80.  Calcolatloii  for  Ooiretit  and  Electric  Qnaatity.    In  the  above  sec- 
m   li6fS)  it  has  been  shown  that  the  induced  E.  M.  F. 
■■■"■"■" 

Thus  we  have  Ii  =  —  {N,  —  N,)/R  and  Idi  =  —  dJV/R.  But  /( =  Q.  the 
total  flow  of  electric  quantity  in  the  lime  I,  and  Idt  =  dQ,  the  electric 
qiumtity  in  *he  time  dt.    Thus  the  total  quantity  of  electricity  induced  is 


N,~N,_ 


-v.  — >v, 


Jt      ~     J    /i 


Tnis  is  the  quantity  measured  by  the  throw  of  a  ballistic  galvanomeleri 
when  the  lime  of  induction  is  a  small  fraction  of  the  period  of  the  gal- 
vanometer needle  {1630). 

681,  Farada7's  Disk  Dynamo.  One  of  Faraday's  earliest  ex- 
periments in  eleclromagnelic  induction  was  to  rotate  a  copper 
disk  between  the  poles  of  a  magnet,  the  plane  of  the  disk  being 
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perpendicular  to  the  field  (Fig.  436).  A  ^vanometer  circuit  was 
completed  by  wires  sliding  on  the  axle  and  on  the  circumferoicc 
of  the  disk,  and  a  current  was  shown  by  the  deflection  of  the 
galvanometer  during  the  rotation  of  the  disk.    In  this  machiue 


Fio.  4J6- 


each  radius  of  the  disk  cuts  the  lines  of  the  field  at  the  rate 
of  ut'm//  per  second,  where  W  is  the  area  of  the  disk,  H  is  the 
strength  of  the  field  assumed  uniform,  and  n  is  the  number  of 
revolutions  per  second  of  the  disk.    Thus 


£  (volts) 


wt'nH 


This  arrangement  made  the  first  dynamo-electric  machine.  Forbes 
and  others  have  attempted  to  use  this  as  a  model  for  commercial 
electric  generators,  but  the  E,  M,  F.,  with  any  practical  diameters 
and  speeds  is  too  small  for  industrial  uses. 

682.  FoQcanlt  or  Eddy  Onrrents.  It  was  observed  a  aumber 
of  years  before  Faraday's  discovery  of  induced  currents,  that  a 
vibrating  magnetic  needle  quickly  came  to  rest  when  near  or 
over  a  copper  plate.    Arago  had  in  1834  also  shown  that  a  mag- 
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(He  needle  suspended  over  a  rotating  copper  disk,  rotates  with 
ftie  disk  (Fig.  437).  Both  the  damping  of  the  needle,  and  Arago's 
disk  experiment  were  explained  by  Faraday  as  phenomena  of 
electro- magnetic  induction.  The  relative  motion  of  the  magnet 
and  the  disk  induces  an  E.  M.  F,  in  the  metal  disk.  The  current 
thus  generated  circulates  in  the  disk,  producing  a  magnetic  ac- 
tion, which  by  Lenz's  law 
tends  to  hold  the  magnet  at 
rest  relative  to  the  disk  or 
plalc. 

Electric  currents,  thus  in- 
duced and  circulating  in  a 
metal  mass,  are  called  eddy 
currents  or  Foucault  cur- 
rents. The  energy  of  such 
currents  is  dissipated  in 
heal.  The  iron  cores  of 
armatures  of  dynamo  ma- 
chines and  transformers  are  ""'  *"' 
always  laminated  so  as  lo  offer  infinite  resistance  to  the  formation 
of  such  currents,  and  thus  to  stop  the  heat  losses. 

An  interesting  example  of  damping  by  eddy  currents  is  shown 
^^  in  Fig.  438.     The  pendulum  with  ils  copper 

^K         ^        7  plate  swings  freely  if  the  electromagnet  is  not 

^H  \      /  excited,  but  is  damped  immediately  when  the 

^H^  \JI  magnetic  field  is  made. 

This   damping   action  of  eddy   currents   is 

oflen  taken  advantage  of  in   D'Arsonval  or 

movable  coil  galvanometers  {§629),  to  bring 

the  moving  coil  lo  rest  quickly.     The  coil  is 

wound  on  a  closed  copper   frame  in  which 

the  eddy  currents  are  generated  during  the 

vibration.     The  coil   itself  is  damped  in  the 

1   same  way  on   closed  circuit,     The  magnetic 

needles     of     galvanometers     are     also     oflen 

damped   by  suspending  them  in   openings   in 

copper  blocks. 

SBS.  0eU  Indnction.     Several  persons  seetn  to  have  observed 

.     39 


1 

if  tbey  had 

of  brak.    In  iufcsti-' 

^e  KsBanfiog  &cts.    XTpon  breakm^ 

'"rVjif  SK  xroa  core;  &  sbnilar  bright  sparic 

of  an  clcLtf <  mugucL  Like- 
cxrreaE  ax  a.  Soog  scraight  vxre  was  broken^  a  spoik 
nzTj  jES  St  4=^  ^as  xa  the  case  of  the  helix.  Upon 
srskfm^  a  jil-sil  En  a  sacct  vire  there  was  practicalhr  no  spaik. 
AIsc  31  i3e  dae  cf  a  loog  vire  doriifed  back  oo  itself,  there  was 
3i:  ex=ra  sosrk  ar  ^reak.  'The  first  thought  that  arises  in  the 
TTTTif,^  «.LCs  FaradsT.  *rs  that  the  dectridtr  circulates  with 
ILui  3ks  azcnaestzsL  or  lueiila  in  the  wire,  and  that  thus. 


X  jrc:r  wErs  rr-tmces  erects  ar  rise  instant  the  ctnrcnt  is  stopped 
"wtiici   X   sacr:   wire   carrot   prodacc.    Stsch   an   explanation  is 


hz-wrrsc  iz  rccs  5<k  ascoe  H*  tfec  tact  that  the  same  length  of 
wir-  rr^±ac-s  tie  S3=e  ejects  in  rerr  (fifFerent  degrees,  according 
xi  h  is  5f=rLT  *jL:gLj5ed.  cr  =::ade  tn^?  a  helix,  or  forms  the  circmt 
::  tr  *ectm=3:crftfL'^  Fxrxdij  then  proceeded  to  show  that  this 
extra  ^'.^jg!,:  wis  dac  to  ^«ctroQiagnetic  indnctioiu  from  the 
Txrrrta:  ^■■^JJgi:  iictrt^  ct:  its  own  circuiL    This  phenomenon  of  a 

dectnxDOcive  force  in  its  own  circnit 


is   ciZei  sr'^-ixsncric^.     A  circmt  includes  in  general  lines  of 

frrc^  chx  tr  its  cwt:  crrrenL    Breaking  the  current  thus  removes 

th-e  -irses  rf  frrct.  cr  has  the  same  eflFect  as  removing  a  magnet 

Scrccse  :be  Lur:e:-£  Sows  dockwise  in  a  circular  circuit;  brcak- 

irj  the  crrres:  ibcn  reoaoves  positive  lines,  or  is  the  same  as 

recvvin;  a  north  3oI«.    But  this  induces  a  clockwise  £.  M.  F^ 

:hx:  is  a  direct  current:  this  adds  itself  to  the  current  being 

brcier^  and  tht»  cazses  the  bright  spark  of  break.    The  effect  of 

an  iron  core  is  to  increase  the  magnetic  induction,  and  thus  to 

incnrxse  the  E.  M.  F.  of  seIf>indnction  at  break.    Self-induction 

thus  prolongs;  the  current  at  break,  or  acts  to  retard  a  decrease 

of  the  oirrent.    \Mien  the  circuit  is  wound  back  on  itself,  so 

that  it  ixK-hides  no  lines  of  force,  there  can  be  no  change  of  lines 
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force,  and  bence  no  self-induction.    Such   circuits  are  said 
be  non-inductive  or  induction! ess.     The  wire  in  resistance  boxes 
IS  wound  doubled  from  its  middle  point  as  is 
shown  in  Fig.  439. 

When  a  current  is  made  or  increased  in 
an  inductive  circuit,  such  as  a  helix,  magnetic 
lines  are  put  through  the  circuit.  Thus  posi- 
tive lines  enter  at  the  face  in  which  the  cur- 
rent is  clockwise  (5"  face),  and  this  is  equiva- 
lent to  bringing  up  a  W  pole.  But  this  '""  *^^' 
induces  an  anti-clockwise  E.  M.  F.,  that  is  an  E.  M.  F.  in- 
verse to  the  starting  current.  That  is,  the  building  up  of  a  current 
in  a  coil,  is  accompanied  by  an  induced  inverse  E.  M.  F.  at  the 
time  of  the  current  increase.  Here  again  the  self-induction  op- 
poses and  delays  the  cur- 
rent changes.  Fig.  440 
shows  the  growth  and 
dying  away  of  currents  in 
an  inductive  circuit  as  observed  in  an  oscillograph  (§698).  Heim- 
holtz  deduced  in  1851  an  equation  showing  the  law  of  the  growth 
of  currents  in  inductive  circuits  and  these  oscillograph  curves  con- 
firm the  Helmholtz  equation.* 

684.  Coefficient  of  Self-induction  or  Indnctance.  The  E.  M. 
of  self-induction  in  a  circuit  thus  depends  upon  the  change  in 
number  of  lines  of  force  through  the  circuit,  caused  by  the 

*  Hclmhollz's  equation  is 
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is  deduced  as  follows :    The  E 
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[s  indicated  in  this  and  the 
1  logarithms.     This  equation 


E.  M.  F.  of  self-induelior 


get  tlie  equation  of  Helmhollf, 
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tioD  of  the  current.  The  nomber  of  liiHs  evidently  depencb  cpOB 
(ffl)  the  ctUTcnt  c,  and  (6)  upon  the  dimensions  of  the  circuit, 
and  (f)  the  preseuce  of  magnetic  substances,  such  as  an  iron 
core.  For  a  circuit  without  iron,  iV  the  aumhcr  of  Knes  tndndtd 
by  the  circuit  varies  directly  as  c,  or  N  =  LI.  where  L  is  the 
coeffident  of  self -induction  or  the  induclance  of  the  circuit.  Thui 
the  inductance  of  a  circuit  is  numerically  equal  to  (he  incraM 
in  the  number  of  magnetic  lines  Included  by  the  circuit  for  onil 
increase  of  the  current.  For  a  circuit  with  an  iron  cor^  tint 
increase  of  magnetic  lines  per  unit  current  is  not  constant,  be- 
cause the  magnetic  permeability  of  iron  varies  with  the  magnelii- 
ing  force  (§55^)-  Hence  L  the  inductance  of  a  drcml  with  HI 
iron  core  is  a  variable  depending  upon  the  magnetic  curve  of  the 

We  can  also  express  the  inductance  of  a  circuit  in  terms  of  the 
E-  M-  F.  induced  for  unit  rat«  of  change  of  the  current  in  the 
circuit.  This  is  shown  as  follows:  The  number  of  jnagnedc  lints 
through  a  circuit  is  N^LI;  hence  the  induced  E.  M.  F.  is 
E  =  —  dN/dl  =  —  L(dI/dl).  If  the  rate  of  change  of  the  cur- 
rent is  unity,  that  is  if  dl/df=i,  then  E^L.  We  can  thus 
define  unit  inductance,  as  the  Iniiuciaace 
of  a  circuit  in  which  unit  E.  M.  F.  is 
induced  by  unit  change  of  current  per 
second  in  the  circuit.  The  practical  unit 
of  inductance  is  the  henry  and  is  equal  to 
lo'  C.  G.  S.  units  of  inductance.  The 
henry  can  be  defined  as  the  inductance  of 
a  circuit,  in  which  a  change  of  one  ampere 
per  second  produces  an  induced  E.  M,  F. 
of  one  volt.  Standards  of  inductance  are 
used  in  the  shape  of  coils  wound  on 
marble  or  other  non-magnedc  and  pernia- 
;  graduated  in  multiples  or  submulttples  of 
e  standard  of  inductance  can  be  made  ty 
ies  and  arranged  so  that  they  can  be  rotated 
■ference  to  each  other,  and  thus  change  the  total  lines  inctuded- 
ueh  an  inductance  standard  is  illuslraled  in  Fig.  441). 
686.  ExperimentB  on  Self-IndactioiL    To    demoDBtrate    extra-cniTeiiU 


nent  cores.  These 
the  henry.  A  var 
two  coils  joined  in 
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0  self-induclioD,  Faraday  made  Ihc  fallowing  experimMit :    In  a  circuit 
containing  a  large   helix  or  ekclromagnel  L,  Ibcre 
a  galvauomeler  G,  (be  galvanometer  being  in  par- 
el  with  the  helix  L  (Fig.  443).    The  current  from 
the  ballery  B  is  made  or  broken  by  the  key  K.     In 
the   steady   condition,   the   current   divides  between 
the  helix  and  the  galvanometer,  and  there  is  a  steady 
deflection    of   the    galvanometer   needle,    say   of    n 
degrees  to  the  right.     A  stop  ia  placed  so  that  the 
I   needle  can  not  defiect  to  the  right.     Upon  breaking 
the  current  at  K,  there  is  a  throw  of  the  gatvanom- 
elec  to  the  left,  due  to  the  extra-current  of  break 
flowing     back    through    the     galvanometer    circuit. 
I  L  ii  in  the  wme  direction  m  the  current 


of  the  above  experiment  i 


rallel 


TSgoooMiooKmr 

reeking 
nstant, 

ak. 
-indue- 

S' 

as  de- 

":Zd 

L-Se^H 

electromagnet,  passing  just  enough  c 
the  lamp  to  a  red  glow  (Fig.  443).  Upon  brc. 
the  current,  tbe  lamp  flaahea  brightly  for 
due  to  the  E.  M.  F.  of  self-induction  at 
The  best  way  of  showing  the  effects  of 
tion  is  by  the  use  of  the  Wbeatstone  bH. 
scribed  by  Maxwell.  In  the  bridge  at 
Fig.  444,  the  resistances  R„  R,  and  R, 
noU'inductively  (t  683},  and  L  is  the  coil 
an  electromagnet.    The  resistances  are  arranged  so 

that    R,:  R,~Ri:L.    There   is   accordingly   no   deflection   of   the   galva- 
nometer G  when  the  current  is  in  a  steady  slate.     But  upon  making  the 
current  by  closing   the  key  K,  there  is   a  momentary   thiaw  of   the  gal- 
vanometer needle,  the  deflection  of  the 
needle  being  again  lero  when  the  cur- 
rent    reaches     a     steady     stale.     Upon 
breaking  the  current,  there  is  a  throw 
of  ilie  needle  in  the  opposite  direciioa 
to   that   at   make.     If   all   four  of   the 
resistances  are  non-inductive,  there  are 
no  such  momentary  throws  of  the  gal- 
vanometer needle   at   make   and  break. 
Suppose  the  current  enters  at  c;  then 
^B_  Fid   444.  '^'   current    reaches  its   full  value  in 

^H  cRj>  sooner  than  in  cLd,  so  that  there 

^K*ni  be  a  deflection  of  the  galvanometer  showing  a  momenlaty  current  from 
^B  to 


j*ni  be  a  deflection  of  the  galvanometer  showing  a  momenlE 
i  to  d.     Upon  break  the  momentary  flow  will  be  from  d  ti 
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The  explanation  of  this  it  evident  from  1 683.  The  aboTe  mediod  of 
showing  the  extra-currents  has  been  developed  bj  Maxwell  and  others  into 
a  method  of  measuring  the  coefficient  of  self-induction.  For  these  mcthodi 
the  reader  must  refer  to  the  laboratory  manuals, 

686.  The  Indnction  OoiL  The  induction  coil  is  a  piece  of  appa- 
ratus for  producing  pulsating  currents  or  discharges  of  high 
E.  M.  F.  in  a  secondary  circuit,  by  making  and  breaking  a  current 
in  a  primary  circuit  The  current  in  the  primary  circuit  may  be 
from  a  battery  with  only  a  few  volts  E.  M.  F.  In  Fig.  445,  we 
have  a  diagram  showing  the  parts  and  arrangement  of  the  ordi- 
nary induction  coil.  The  primary  circuit  Pr  consisU  of  (a)  a  solcn- 

oidal  coil  P  with  a  bundle 
of  soft  iron  wires  as  core; 
(b)  an  interrupter  K  for 
making  and  breaking  the 
primary  current.  When  the 
interrupter  is  mechanical  as 
shown  in  the  figure,  there 
is  a  condenser  joined  across 
the  gap  to  lessen  the  extra- 
spark  of  break,  and  thus 
cause  a  quicker  break  of  the 
current;  (c)  the  secondary  circuit  Sc  consisting  of  a  solenoidal 
coil  S  surrounding  the  coil  P,  and  a  spark  gap  D.  The  secondary 
coil  is  wound  with  many  turns  of  fine  wire.  To  increase  the  in- 
sulation, this  coil  is  also  wound  in  disk  section.  The  primary  coil 
is  wound  with  a  comparatively  few  turns  of  much  larger  wire. 

Making  the  primary  current  produces  magnetic  lines  which 
thread  through  the  secondary.  These  lines  are  removed  upon 
breaking  the  primary  current.  Thus  there  is  induced  in  the  coil 
S  an  inverse  £.  M.  F.  at  make,  and  a  direct  £.  M.  F.  at  break 
of  the  primary  current.  The  break  in  most  coils  is  much  quicker 
than  the  make,  and  thus  the  direct  induced  E.  M.  F.  in  Sc  is  so 
much  greater  than  the  inverse  induced  E.  M.  F.,  that  the  dis- 
charge effects  are  mostly  uni-directional.  The  reason  for  this 
is  that  the  growth  of  the  primary  current  at  make  is  retarded  by 
the  inductance  of  the  circuit  (§683),  while  with  a  good  inter- 
rupter and  proper  condenser,  the  break  can  be  made  very  sharp. 
The  greater  the  number  of  turns  of  the  secondary  coil,  the  greater 
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the  induced  E.  M.  F.    The  r 

and  consequently  the  current  small. 

In  small  induction  coils  the  Wagner  ham- 
mer is  the  common  form  of  interrupter. 
This  is  shown  at  K  in  Fig.  445,  and  ils 
action  can  be  easily  seen.  In  large  coils, 
a  form  often  used  consists  of  a  brush  sliding 
on  a  revolving  commutator  driven  by  an  elec- 
tric motor.  The  electrolytic  interrupter  of 
Wehnelt  is  also  frequently  used  (see  Fig.  446). 
P  is  a  platinum  wire  in  a  solution  of  suN 
phuric  acid,  L  is  a  lead  plate.  Only  the 
point  of  the  wire  is  exposed  lo  the  add. 
When  P  is  made  the  anode,  and  L  the  kathode,  gas  forms  at  P, 
interrupts  the  current,  and  escapes  in  bubbles,  and  thus  the  cur- 
rent is  again  made. 

687.  Thfl  Tesia  Induction  OoiL  To  obtain  currents  of  very 
high  frequencies  and  high  electromotive  forces,  TesIa  used  a 
form  of  induction  coil  in  which  the  oscillatory  discharge  of  a 
Leyden  jar  (§713)  is  nsed  as  interrupter.     The  terminals  of  the 

I  secondary  of  an  induction  coil  /  (Fig-  447),  are  connected,  one 
to  the  inner  coating,  and 
one  to  the  outer  coating  of 
an  insulated  Leyden  jar  C. 
The  circuit  is  completed 
through  the  primary  winding 
of  the  Tesla  coil,  and  the 
discharge  balls.  The  pri- 
mary of  the  Tesla  coil  A, 
consists  of  a  half  dozen 
turns  of  wires  on  a  non- 
magnetic core.  The  coils  A 
and  B  are  separated  by  air 

r  or  oil  as  insulation.     The  alternations  at  D  from  the  Leyden  jar 

I  may  have  a   frequency  of  several   millions  per   second    (§713). 

■  Hence  the  currents  induced  in  B  are  not  only  of  high  E.  M.  F.  but 

■also  of  very  high  frequency. 

688.  ElectromotiTe  Force  in  a  OoU  fiotating  in  a  Magnetic  Field. 
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s^DO.    The   direction   of   roq 
is    an li -clockwise.     Let   XOX' 
through  0,  respectively  parallel  I 

netic  field.  The  side  AB  i 
rapidly  at  X  and  A'',  where  it  i 
lines;  while  at  K  and  V,  it  is  n 
is  cutting  no  lines,  and  hence  hi 
this  instant  The  E.  M.  F.  indu 
and  zero  at  V,  a  negative  maxim 
Thus  the  E.  M.  F.  in  AB  is  fror 
ing  from  Y  through  X  to  K';  ii 
from  V  through  X'  to  K.  (Tl 
dance  with  Fleming's  rule,  §  677. 
opposite  side  DC  evidently  adds 
a  single  alternating  current  in  th 
and  DA  do  not  cut  lines,  and  hei 
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689.  Formula  for  the  E.  H.  F.  in  a  Botating  OoiL    Let  1^  = 

the  uniform  tangential  speed  of  AB   (and  CD).     At  ihe  instant 
when  the  angle  between  the  coil  and  the  plane  perpendicular  to 
the  field  is  $,  this  velocity  is  represented  by  AR,  Fig.  449.     The 
velocity    component    at    right    angles 
to  the  field  is  RS  =  y  sin  0.     Let 
H^  the   strength  of  the  field    (^ 
the    number    of    magnetic    lines    per 
square  centimeter);  then   VIH  sin  0 
is  the  number  of  magnetic  lines  cut 
by  AB  (=  /)  per  second.     Hence  the 
E.  M.  F.  induced  in  AB  and  CD  is 
e  =  2VlH    sin    fl  =  £    sin    fl.      Here  ""■  *49. 

£=^2F/H  =  E.  M.  F.  when  the  coil  is  passing  through  the 
points  X  and  X'  where  it  is  cutting  the  lines  at  the  maximum  rate, 
or  when  8  ^  90°  or  ^  270°.  The  curve,  Fig.  450,  represents  this 
E.  M.  F,  during  a  single  rotation.  The  ordinales  arc  propor- 
tional to  the  E.  M.  F.  and  the  abscissas  are  proportional  to 
the   angles.    Since   the   rotation   is   uniform,   the   abscissas   are 


I 


also  proportional  to  the  time.  Ordinates  above  the  line  repre- 
sent electromotive  forces  in  one  direction,  and  ordinates  below 
represent  electromotive  forces  in  the  reverse  direction.  That  is, 
a  coil  rotating  uniformly  in  a  uniform  magnetic  field,  has  induced 
in  it  an  alternating  E,  M.  F,  which  varies  as  the  sine  of  an  angle, 
and  is  represented  by  a  sinusoidal  curve. 

690.  The  Earth  Inductor.  The  earth  inductor  is  a  coil,  Fig.  451, 
usually  of  a  large  number  of  windings,  which  is  mounted  so  that 
is  can  be  rotated  about  either  a  horizontal  or  a  vertical  axis. 
Suppose  the  axis  vertical  and  the  plane  of  the  coil  at  right  angles 


Dy  rcfuvmp  toe  coo  DxrongB  19)* 
the  aagoMic  fiox  u  takoi  out  <{ 
oae  face  and  put  ta  xt  ibc  otba 
face.  Let  H  ^  the  borizootil  m- 
tesa^  of  Lbe  earth's  magncck 
field,  S^=^  the  area  of  the  cot!  hce, 
and  It  =  the  resisiance  of  the  dr- 
cmL  Then  theqnantitrofekcirk- 
it}'  ficnrn^  in  the  cott  dnriog  a  ro- 
tatioB  of  180',  is  q=(2HS)/R 
(1 680).  This  can  be  measarni  by 
die  throw  of  a  ballistic  galraooai- 
eier.  Stmilariy  when  the  axis  is 
filaiccd  horizootaUy,  wc  get  9*= 
(3VS)/R.  where  f  U  the  m- 
tical  CMBponent  of  the  earth's  fieti 
r//f  ^  tan  ^  where  ^  is  tbc  dip  or  in- 
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(S563)- 
an.  SHple  AhwiiltiK  CvrraBt  Djauno.    In  Fig.  452, 
a  coil  rerofring  in  the  field  between  the  polt 
Olds  of  the  coil  are  coonected  with  the  insulated  metal  rinp  .V 
and  M,  on  the  shaft  OO".    Metal 
springs  or  "  brushes  "  rest  or  slide 
on    these    collector    rings.      Tbns 
the    current    induced    in    the    coil 
ABCD  flows  through  the  external 
circmt.     Such  a  machine  forms  a 
simple  alternating  current  dynamo. 
By  winding  the  coil  on  an    iron 
cylinder,  the  intensity  of  the  mag- 
netic field  is  increased,  and  thus  a 
greater  E.  M.  F.  is  induced.     Bui 
this  iron  core  being  itself  a  con-  Fig.  4s>- 

ductor    will    have    eddy    currents 

induced  in  it,  unless  it  is  laminated,  so  as  to  make  the  resistance 
infinitely  great  in  the  direction  of  the  induced  E.  M.  F.  Hence 
the  core  is  built  up  of  insulated  iron  disks  as  represented  in  Fig 
Commercial  alternating  current  dynamos  are  always  multi- 
polar.   One  of  the  reasons  for  this  is  that  for  practical  electric 


lighting  and  power  transmission,  frequencies  of  from  25  lo  125 
alternations  per  second  are  desirable.  A  common  frequency  for 
most  purposes  is  now  60  alternations  per  second.     To  get  such 
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frequencies  with  safe  speeds  it  is  necessary  lo  have  field  magnets 
with  multiple  poles.  Fig.  454  shows  a  multipolar  alternating  cur- 
rent dynamo. 

692.  Simple  Direct  Current  Dynamo.  To  obtain  a  current  con- 
stant in  direction,  a  commutator  is  used  instead  of  collector  rings. 
Fig-  455  represents  a  two-part  commutator.  This  consists  of  a 
copper  ring,  which  has  been  cut  into  half  rings.  These  half  rings 
are  insulated  and  form  the  ends  of  the  coil  ABCD.  The  brushes 
R  and  S  are  set  180°  apart,  so  that  one  rests  on  one-half  of  the 
commutator,  while  the  other 
rests  on  the  opposite  half. 
These  brushes  thus  make  the 
connections  for  the  current 
with  the  external  circuit. 
The  brushes  are  set  so  that 
the  connections  with  the  ex- 
ternal circuit  are  reversed, 
just  at  the  instant  in  which 
the  current  in  the  rotating 
coil  is  reversed  (that  is, 
approximately  as  the  coil 
passes  through  the  plane  perpendicular  to  the  field).  The 
^current  in  tlie  external  circuit  is  thus  uni-directional,  and  varies 
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as  represented  m  Fig.  456.     The  above  is  a  simple  direct 
rent  (D.  C.)  dynamo  with  a  two-part  commutator.     In  Fig,  45; 
we  have  two  coils  at  right  angles  to  each  other,  and  so  joined  to 
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Fig.  4S6. 
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four-part  commutator  as  to  give  in  the  external  circuit,  the  c 
rent  represented  in  Fig.  458.  This  is  the  sum  of  two  pulsating  cnr< 
rents,  which  differ  in  phase  by  90°.  It  is  seen  that  the  per  cent  o 
variation  is  much  less  thaa 
in  the  current  from  a  if 
nanio  with  a  two-part  com- 
mutator. In  modem  dir«( 
current  dynamos  there  : 
often  hundreds  of  coilv 
joined  to  a  commutator  of 
many  sections,  and  the  re- 
sulting current  is  practically 
constant.  The  inductance  of  the  circuit  also  operates  to  lessen 
the  variations  of  the  current  in  these  machines. 

693.  Sysamo- electric  Machinas.  The  parts  of  a  dynamo-elee 
trie  machine,  or  a  dynamo,  are  (l)  the  field  magnets  for  producing 
the  magnetic  field;  (z)  the  armature,  or  the  coils  in  which  lh« 
currents  are  induced.  The  armature  coils  are  nearly  always 
a  laminated  iron  core,  and  are  supplied  with  slip  rings  or  a  co 
mulalor,  and  brushes  to  make  connection  with  the  external  circuit 
In  the  simple  forms  of  dynamos  described  in  previous  section^ 
the  armature  revolves,  and  the  field  magnets  are  stationary.  lA 
large  dynamos  for  high  electromotive  forces,  the  armature  is  oftcfl 
made  the  stationary  part  and  the  field  magnets  revolve.  In  OM 
type  of  A.  C.  dynamos,  the  revolving  parts  arc  iron  masses  whicfc 
change  the  magnetic  flux  through  the  armature  coils,  the  magnet 
coils  being  also  stationary.  This  type  of  dynamo  is  called  llw: 
"inductor"  form. 
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I  Dynamos   are  direct   current    (D,    C),   or  alternating  current 

.  C).  according  to  the  character  of  the  E.  M.  F.  at  the  ter- 

Enals  of  the  machine.     The   field    magnets  may  he  bi-polar  or 

i-polar.     Several  common  forms  of  field  magnets  are  shown 

E  of  the  early  dynamos,  permanent  magnets 


ra 


were  used  for  field  magnets.  Such  machines  were  called  magneto- 
electric  machines  or  magnetos.  The  small  machines  often  used  in 
telephone  call  boxes  are  magnetos.  But  the  field  magnets  of  all 
modern  power  dynamos  are  electromagnets. 

Fig.  460,  a,  b,  c,  d,  shows  the  different  methods  in  which  the  field 
magnets  are  excited.    These  arc  (a)  separately  excited,  that  is  the 
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current  in  the  field  coils  comes  from  a  separate  generator;  (6) 
"serieB  wonnd,"  that  is  the  field  coils  are  in  scries  with  armature 
and  the  external  circuit,  so  that  all  the  current  of  the  armature 
passes  through  the  field  coils 
as  well  as  the  external  cir- 
cuit; (c)  "  shiint  wound," 
that  is,  the  field  coils  and  the 
external  circuit  are  in  par- 
allel, so  that  only  a  part  of 
the  current  of  the  armature 
passes  through  the  field  coils; 
(d)  "  compound  wonnd." 
that  is,  part  of  the  Geld  coils 
The  choice  of  windings  of 
of  regulation  of  the  electro- 
motive force  under  different  loads.  "For  a  discussion  of  these 
methods,  the  student  must  consult  special  manuals. 


are  series  and  part  shunt  winding 
the  field  coils  is  largely  a  queslic 


6q4  excctvomagnetic  nvDUcnoN. 

The  two  most  connnon  forms  of  D.  C  armatures  are:  (a)  iht 
riv  UMitra,  sometimes  called  the  Gramme  armature,  after  its 

inventor,  and  (b)  the  dmm  annatore.  The 
ring  armature  is  represented  diagrammatically 
in  Fig.  461.  The  coils  are  womid  aromid  a 
closed  ring  of  soft  iron,  and  connected  as  in- 
dicated. The  core  of  the  ring  is  laminated. 
Only  the  wires  on  the  outside  of  the  ring 
are  inductors,  as  the  wires  on  the  inside  are  shielded  magneticallj. 
The  course  of  the  lines  of  force  is  indicated  in  the  figure. 

The  first  and  the  simplest  form  of  drum  armature  is  the 
** shuttle**  armature  used  by  Siemens  in  his  machine  of  1856.  A 
section  is  shown  in  Fig.  462.  The  iron  core  increases  the  mag- 
netic flux  through  the  coiL  This  form  b  now  used  only  in  small 
magnetos.  The  winding  and  commutator  connections  of  a  modeir 
drum  armature  are  very  complicated. 
The  coils  mav  be  on  the  surface  or  in 
tunnels  or  grooves  in  the  core  of  the 
armature.  The  magnetic  lines  go  from 
pole  to  pole  as  indicated  in  Fig.  463. 
For  the  study  of  the  forms  of  armature 

and  of  their  actions  and  reactions,  the  student  must  consult  special 
treaties  on  dynamo-electric  machinery. 

6^  The  Ahemating  Current  Transformer.  The  alternating 
current  transformer  is  a  form  of  induction  coil,  used  for  trans- 
forming ahemating  currents  of  one  potential  into  alternating 
currents  of  a  different  potential.  It  consists  of  a  primary  coil 
Pr,  and  a  secondar}-  coil  SCy  and  a  laminated  iron  core  to  increase 
the  magnetic  flux.  It  is  most  commonly  used  to  "  step  down " 
from  a  higher  voltage  to  a  lower  voltage.  The  energy  of  the 
secondan-  current  in  well-designed  transformers,  is  equal  within 
a  small  percentage  to  the  energy  of  the  primary  circuit.  Thus  a 
current  of  one  ampere  at  1000  volts  is  transformed  into  approxi- 
mately 10  amperes  at  100  volts.  The  Pr  coil  has  in  this  case  ten 
times  the  number  of  turns  of  the  Sc  coil.  The  only  limit  to  the 
potentials  that  can  be  obtained  with  transformers  is  that  of  in- 
sulation. The  coils  of  transformers  for  high  potentials  are  gen- 
erally immersed  in  a  high  insulating  mineral  oil. 
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695.  AdTtntages  of  Alternatug  Cnmnts  in  Power  Transmis- 
sioa.  Witliin  recent  years,  electric  power  has  been  traosrailted 
scores  of  miles,  and  alternating  currents  are  used  exclusively  on 
these  long  distance  power  lines.  The  reasons  for  this  general  use 
of  the  alternating  current  in  transmitting  electric  energy  over 
longer  distances  are  (a)  the  ease  of  transforming  the  alternating 
current  from  high  to  low  potentials;  (6)  the  possibiHly  of  securing 
high  insulation  in  alternating  current  machinery;  (c)  the  inven- 
tion of  the  A.  C.  induction  motor  (§710), 

Electric  power  is  measured  by  the  product  of  the  current  and 
of  the  potential,  or  equals  le;  thus  the  same  power  can  be  trans- 
mitted at  a  high  potential  with  a  small  current,  or  at  a  low  poten- 
tial with  a  correspondingly  larger  current.  But  the  weight  of 
copper  in  the  lines  increases  as  the  square  of  the  current,  since 
heating  effects  vary  as  PR  (§658).  There  is  thus  a  great  econ- 
omy in  the  transmission  of  electric  power  at  high  potentials,  and 
indeed  only  in  this  way,  is  it  commercially  possible.  Potentials  of 
from  30.000  to  60,000  volts  are  in  use  for  such  transmission.  But 
these  high  potentials  cannot  he  used  safely  in  lamps  or  in  moving 
.ipparatus.  so  that  it  is  necessary  to  transform  to  lower  poten- 
tials before  using  the  currents.  For  alternating  currents,  this  can 
be  easily  and  efficiently  done  by  the  A.  C.  transformer  (§694). 
Such  ranges  of  transformation  are  not  possible  with  any  D.  C. 
apparatus.  The  use  of  high  potentials  with  alternating  currents 
is  also  possible,  because  A.  C.  machinery  can  be  insulated  to  stand 
the  highest  potentials.  The  A.  C.  dynamo  has  no  commutator  and 
the  armature  can  in  addition  be  made  the  stationary  part     The 


A.  C.  induction  motor  (§710) 
high  insulation  as  well  as  efficie 
696.  Two  Fhue  and  Three 
Phue  A.  0.  Dynamos.  The 
alternating  current  dynamo  is 
often  made  so  as  to  generate 
more  than  one  alternating  cur- 
rent. The  alternating  currents 
in  such  machines  always  differ 
in  phase,  and  so  they  are  known 
as  polyphase  currents.  The  only 
•ystcms     in     commercial     use 


shares  in  the  advantages  of 
ind  simplicity. 
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i?T  t3£  ivo  sas  fftfTg  fimr  s^tao^  Tnc  cnrraits  sre  ffBot- 
::^s^  ir  ru  lAicrd  z:  fiSeiBil  >Bgla  m  the  anutiire^  TInu  b 
»  r«^  vox  •w^-*'"-^  dxn  arc  t«o  sets  of  annstniv  coils,  die 
xrs  !K  :irj»^  ^x  xafaeoc  idd  it  s  inaTiinnm  rat^  when  die  m> 
.  3  :<br  seeood  set  b  xero^  etc  Fig.  464  shows  a 
f  OC&  for  ■  siqlc  l»iioIir  machiiK  hy  triiidi  tvD 
toA  >i_.eTU  ccvM  be  gcncnfed.  These  currents  differ  in  phue 
ij  z  gBC^g  pe^Kd  or  90*.  sod  so  a  srstem  using  snch  cnrrents  it 
=L>^  a  "^  ^sr^c  jiase  "  nsttSL   Fi^  465  shows  the  phase  of  tm 
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=>.-^  ^^irTRirs.  ¥ig.  466  represents  die  phase  rrladons  of  the  thrn 
=mtE3^  aleie  ibe  plux  differaice  is  120°.  A  machine  wound 
r  $tc«n:e  ctjt  oce  ahcraatiag  corrent  is  called  a  single-pbiK 
■■h-'—^if  to  £sdsfmA  it  from  the  polyphase  machines.  The 
:*i^ir::o«  =*<d  whh  two  and  three  phase  alternating  currents. 


arv  ih<-  Kime  is  with  single  phase  alternating  carrents,  that  a 
tv  alternations  per  second  for  ordinary  condidons,  with  as  low 
as  ^5  for  power  parposes  akme.    As  already  explained  the  com- 
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mercial  machines  are  always  mullipolar  for  mechanical  reasons. 

The  advantage  o£  two  and  three  phase  alternating  currents 
is  that  the  induction  motor  can  be  tised.  A  polyphase  machine 
has  also  generally  a  larger  output  for  weight  of  machine  than  a 
single  phase  machine.  The  relative  advantage  of  the  two  and 
three  systems,  lies  in  the  size  of  conductors  required  for  the  dis- 
tribution of  a  given  power.  For  a  discussion  of  this,  special 
treatises  must  be  consulted. 

697.  Effect  of  Inductance  in  an  A.  0.  Oiicnit.  When  an  alter- 
nating E.  M.  F.  acts  in  a  non-inductive  circuit,  the  current  c  and 
the  E,  M.  F.  are  in  the  same  phase  as  is  represented  in  Fig.  467. 
Here  the  current  c  at  any  instant  is  equal  to  e/R.  where  R  is 
resistance  of  the  circuit,  and  e  is  the  E.  M.  F.  in  the  circuit  at  the 
instant.  When  the  E.  M.  F.  is  lero,  the  current  is  zero,  and  the 
maximum  current  corresponds  in  time  to  the  maximum  E.  M.  P., 
etc.  If  the  circuit  is  inductive,  then  experiments  with  the  oscillo- 
graph (§698)  show  that  the  current  lags  behind  the  external  or 
impressed  E.  M.  F.,  that  is,  the  current  reaches  a  maximum  later 
than  the  impressed  E.  M,  F.      This  lag  is  due  to  self-induction. 


We  have  seen  that  starting  or  increasing  a  current  in  an  induc- 
tive circuit  produces  an  E.  M.  F,   of  self-induclion  which  tends 
to    retard    the    current    growth,    and    similarly    breaking   or    de- 
creasing a  current  produces  an  E.   M.  F.  of  self-induction  which 
tends  to  prolong  the  current.      Thus  the  actual  E,  M.  F.  at  any 
_      instant  in  an  inductive  circuit  is  the  algebraic  sum  of  the  cx- 
^H  tonal  or  impressed  E.  M.  F.  (produced  by  generator,  etc.),  and 
Bthe  E.  M.  F.  of  self-induction.    This  E.  M.  F.  of  self-induction 
^bequalto— Z.(d//JO   (§684). 
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In  Fig  46S  we  have  the  curves  of  the  impressed  E.  M.  F.  E, 
of  the  effective  E.  M.  F.,  which  is  equal  to  IR,  and  of  the  E.  M.  P. 
of  self-induction  — Ldl/dl,  represented  in  their  phase  relations. 

In  the  coil  of  an  electromagnet,  where  the  inductance  is  Urge,  the 
E.  U.  F.  o(  lelf-indnclion  i(  concipandingt;  large,  and  this  niajr  be 
sufficient  to  make  the  effective  E.  H.  F-  practically  lero.  Such  a  coil 
is  called  a  ekobing  coil,  or  an  imftdance  coU.  The  resistance  of  as 
inductive  circuit  to  an  altemalinE  current  is  called  impedance.  It  can  bt 
shown  that  the  impedance  of  a  circuit  is  equal  to  ^i?  +  ^w'n'L',  where 
R  is  the  resistance,  L  i»  the  inductance  of  the  circuit,  and  n  it  the  fr»- 
quenc7  of  the  allemating  current.  The  proof  of  this  is  given  in  treatiMi 
on  altcmatinE  cnrrents.  This  fact  of  impedance  explains  why  little  cormt 
goes  through  the  primary  of  a  transfonner  when  tb«  secondary  circuit  il 

It  is  to  be  noticed  that  the  impedance  increaaes  with  the  frequency  ■■ 
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The  frequency  of  a  Leyden  jar  discharge  is  ordinarily  very  high  (f  713), 
and  so  a  discharge  has  a  large  impedance  even  through  a  single  loop,  Thw 
in  Fig.  469  the  discharge  will  leap  across  a  considerable  air-gap  P,  sooner 
than  go  through  the  loop  L. 

698.  The  OscillosTapl).  An  ordinary  galvanometer  shows  no 
deflection  from  an  alternating  current,  because  the  needle  system 
has  so  much  inertia  that  it  cannot  follow  the  rapid  impulse  from 
the  alternating  current.  Blondel,  Duddell,  and  others  have  made 
galvanometers  with  very  light  moving  parts  and  of  high  frequency, 
so  that  the  needle  system  can  follow  the  changes  in  the  alternating 
currents.  A  galvanometer  with  a  high  frequency  needle  system, 
so  that  its  deflections  show  the  variations  in  alternating  currents. 


OSCILLOGRAPHS. 


609 


I  oscillograph.  Fig.  470  shows  diagrammatically  one  of  the 
forms  of  oscillographs.    It  consists  of  a   narrow  loop  of 

'phor  bronze  strip,  which  is  stretched  with  considerable  ten- 
by  a  spring  s,  so  as  to  have  a  very  short  natural  period  of 


Fig.  469. 


Fig.  470. 


bfation.    This  is  in  the  strong  magnetic  field  and  placed  with 

iC  plane  of  the  loop  parallel  to  the  magnetic  field.    The  strip 

thus  twisted  by  the  magnetic   forces  when  a  current  passes 

irough  the  loop.    The  natural  frequency  of  the  loop  is  commonly 

rom  3,000  to  10,000  vibrations  per  second,  so  that  its  deflections 

an  follow  very  closel);  all  ordinary  variations  in  alternating  cur- 

ents.    The  deflections  are  recorded  by  a  beam  of  light  which  is 

'effected  from  a  small  mirror  M,  attached  to  the  loop.    This  beam 

ni  light  falls  on  a  photographic  plate  which  moves  at  right  angles 

to  the  deflections.    It  thus  leaves  a  curve  showing  the  variations 

of  the  current. 

Another  form  of  oscillograph  is  the  Braun  cathode  tube.    The  current 
through  a  helix,  and  thus  acts  magnetically  on  a  pencil  of  cathode 
in  a  special  form  of  Crookes  tube  (Fig.  471).      When  not  deflected, 
this  pencil  of  cathode  rays  pro- 


a    luminous    spot    on    a 
Ikhotphorescent  screen  in  one  end 
of  the  cathode  tube.    Under  the 
action  of  an  alternating  current 
tiirongh  the  helix  the  luminous 
•pot  from  the  cathode  rays  vi- 
brates in  a  luminous  line  on  the  phosphorescent  screen.     Looked  at  in  a  ro- 
tating mirror  this  is  drawn  out  into  an  alternating  current  curve.    The  same 
may  be  photographed  on  a  plate  moving  at  right  angles  to  the  vibrations  of 
the  huninons  ^ot. 


Fig.  471. 
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699.  The  Telephone.  The  telephone,  invented  by  Bell  in  1876; 
consists  of  a  thin  iron  plate  or  membrane,  supported  in  front  of 
the  pole  of  a  permanent  magnet,  and  a  spool  of  wire  over  the 
magnet  pole  (Fig.  472).  Sounds  can  be  transmitted  electrically 
to  a  distance  by  using  two  telephones,  one  for  a  transmitter^ 
and   the   other    for    the    receiver.      The    two    wire    spools    are 

connected   in   series   by  the 
wires  joining   the   two  sta- 
tions.   The  sound  waves  set 
the  thin  iron  plate  in  vibra- 
tion, and  the  approach  or  re- 
ceding of  this  plate  changes 
the  magnetic  flux  through  the 
coil.    This  induces  currents  in  the  coils  and  the  line  which  undulate 
in  unison  with  and  in  proportion  to  the  sound  waves.    These  cur- 
rents strengthen  and  weaken  the  attraction  of  the  magnet  of  the 
receiver,  and  thus  produce  vibrations  of  the  receiver  plate  which 
correspond  to  the  vibrations  of  the  transmitter  plate.     The  electric 
currents  induced  in  the  above  cases  are  very  feeble,  and  can  trans- 
mit sounds  only  short  distances.    For  longer  distances,  the  micro- 
phone described  in  the  next  section  is  used  as  a  transmitter. 

700.  The  Microphone.     The  microphone  'depends  upon  a  fact 
discovered  by  Hughes  in  1878,  that  the  electrical  resistance  of  a 
loose  contact  between  two  conductors  changes  under  the  action 
of  sound  waves.    Variations  of  the  current  can  thus  be  produced 


Fig.  473tf. 
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in  a  circuit,  these  variations  corresponding  to  the  sound  waves 
which  produce  them.  A  simple  form  of  microphone  consists  of  a 
piece  of  carbon  resting  on  two  pieces  of  carbon,  and  thus  coib- 
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pleting  a  circuit  which  includes  a  battery  and  a  Bell  receiver. 
The  carbons  can  be  mounted  on  a  sounding  box.  Such  an  ar- 
rangement makes  an  effective  transmitter  (Fig.  473a).  In  the 
Running's  transmitter,  which  has  been  extensively  used  in  long 
distance  telephony,  granulated  carbon  is  placed  in  between  two 
metal  plates  as  shown  in  Fig  473b. 


ELECTRODYNAMICS. 

701.  Motion  of  a  OircnUr  Ciicnit  in  a  Magnetic  Field.  Max- 
well's Rule.  If  a  conductor  carrying  a  current  is  placed  in  a  mag- 
netic field  (§6z2),  there  is  in  general  a  force  tending  to  move  the 
conductor.  It  is  has  been  shown  (§623)  that  a  circular  circuit 
or  other  plane  closed  circuit,  acts  like  a  magnet,  and  that  the 
lines  of  force  due  to  the  current  enter  at  the  face  in  which  the 
current  flows  clockwise,  and  emerge  from  the  face  in  which  the 
current  flows  ami -clockwise    (Fig.  474).      When  such  a  col!  is 


placed  between  the  poles  of  a  magnet,  the  coil  tends  to  place 
itself,  so  that  its  plane  is  at  right  angles  to  the  Geld,  the  clock- 
wise face  of  the  coil  being  toward  the  N  pole;  in  other  words, 
die  coil  places  itself  so  that  the  lines  of  force  of  the  held  and 
of  the  coil  coincide.  Maxwell  has  generalized  this  into  a  rule — 
An  electric  circuit  tends  to  move  in  a  magnetic  field  so  as  to  in- 
clude the  maximum  number  of  lines  of  force.  Thus  the  lines  of 
the  field  and  of  the  circuit  are  in  the  same  direction  when  stable 
equilibrium  is  reached. 
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li  Kriv: 


B««Ma  T»  PinIM  Oircoits.  If  two  circular  colb 
carrying  currents  are  hung  by 
flexible  wires  parallel  to  each 
other  (  Fig.  475  )  they  attract  each 
other  when  the  currents  in  the 
two  coils  are  in  the  same  direc- 
tion, and  repel  each  other,  when 
the  currents  are  in  opposite  di- 
rections. It  is  easy  to  see  that 
each  of  the  circuits  thus  tendi 
to  more  so  as  to  include  the 
maximum  number  of  lines  of 
force.  Rectangular  or  other 
plane  closed  circuits  can  be  sub- 
~'  Jiituied  for  the  circular  circuits. 

^  cmkes  us*  of  the  forces  between  parallel  circuiis 

>T^r.-.;c  hiUnoe  for  measuring  electric  currents. 

B«fwu  Two  Oircolv  Cnirants  »t  Bight  AnsUi. 
curren;*   at    right   angles   to   each    oiher,    tend  10 

jce    I  heir.  ^  Ives   in    the   same   plane,    and    with   the 


t^re.  wJ 


:hir  Srst  t 


ion.     .\m- 
siud\-  the 


amic  apparatus 

jhowt;   if.    F:j;.   4,-t>.      The   two   mer- 

.:t:r>-  c-.:;>s  j  and  b.  are  at  the  ends 

.>t    the    conihictini;    supf*.ins    .^    and 

P.  and  J  is  verrically  over  h.     The 

wire  frame  mn.'f  is  beni  so  that  its 

fUils  dip  in  :he  mercury  cups,  and  the 

wire    frame    is    thus    free    10    rotate 

about  a  vertical  axis  through  ab. 
The  force  oi  ivtatioa  between  coils  is  used  in  the  elecCrodynamDmelei 

tot    nieasurinjf    current*.      Fig.    477    shows    the    Siemen's    form    of   the 

elect roJjTiimoiiteier.      The  coils  are  kept  at  right  angles  to  each  other  bj 

putting  more  or  less  torsion  in  a  spir»l  spring  which  is  attached  to  the 
'  coil.  The  amount  of  torsion  js  read  b;  a  tornon  bead  aixl 
D  top.     The  force  between  the  coils  is  proportioul  to  the  tqnaiv 
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, force  are  shown  for  the  case  of  both  currents  flowing  away  from 
the  reader.  Evidently  the  maximum  number  of  lines  of  force  for 
each  circuit  exists  when  A  and  B  are  close  together.  Hence  we 
should  expect  attraction  from  Maxwell's  rule.  The  repulsion  bc- 
Mween   oppositely  directed  currents    follows  similarly. 


ion  be-  g 
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Ampere  extended  the  above  law 
as  follows:  Two  straight  conductors 
which  cross  each  other  obliquely, 
attract  each  other  when  their  cur- 
rents both  flow  towards  or  both 
away  from  the  point  of  crossing; 
when  one  current  flows  away  and 
the  other  towards  the  crossing  point, 
they  repel  each  other. 

706.  Boget'8  SpiraL  An  interesting 
case  of  the  attraction  between  parallel 
circuits  is  that  of  Roget's  spiral  (Fig.  480). 
A  spiral  brass  coil  AB  hangs  vertically,  and  its  end  B  dips  in  a  mercury  cup 
M.  When  a  current  passes  through  AB  the  parallel  coib  attract  each  other 
and  lift  B,  thus  breaking  the  circuit;  the  attraction  ceases  and  contact  at 
B  is  again  made.    This  repeats  itself  indefinitely. 

706.  Electromagnetic  Botation.  The  first  apparatus  to  produce 
rotation  of  a  conductor  from  electric  currents  and  magnets  was 
described  by  Faraday  in  182 1.  A  glass  tube.  Fig.  481  is  stopped 
at  both  ends  with  corks,  and  the  lower  cork  is  covered  with  mer- 
cury, and  has  one  pole  of  a  magnet  NS  stuck  through  it    A 


Fig.  480. 


N 


Fig.  481. 


Fig.  482. 


platinum  wire  hangs  by  a  hook  from  the  upper  cork  and  dips  in 
the  mercury  below.    When  a  current  flows  through  the  platinum 
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ire  the  wire  revolves  about  the  magnetic  pole,  and  continues  as 
long  as  the  current  flows.  Reversing  the  current  reverses  the 
direction  of  the  rotation.  This  is  evidently  a  case  of  a  conductor 
moving  at  right  angles  to  the  plane  of  the  current  and  of  the 
magnetic  fieid  from  the  pole  (§623).  Fig.  482,  shows  a  common 
form  of  an  electromagnetic  rotation  apparatus.  Its  action  can  be 
followed  from  the  above, 

707.  Barlow's  Wheel.  This  consists  of  a  metal  disk  mounted 
to  revolve  about  a  horizontal  axis  over  a  mercury  trough  (Fig, 
483).  The  lower  edge  of  the  disk  touches  the  surface  of  the  mer- 
cury. A  U-shaped  magnet  lies  so  that  its  lines  of  force  cut  the 
lower  half  of  the  disk  at  right  angles.  When  an  electric  current 
flows  from  the  axis  through  the  disk  to  the  mercury,  the  disk 
rotates.  Reversing  the  direction  of  either  the  current  or  of  the 
magnetic  field  reverses  th 
wheel  as  shown  in  the  figure  i 
disk,  in  order  to  reduce  the 
friction  at  the  mercury  sur- 
face. Each  radius  of  the 
wheel  in  turn  as  it  dips  in 
the  mercury  becomes  a  part 
of  the  circuit,  and  is  acted 
upon  by  a  force  at  right 
angles  to  the  plane  of  ihc 
magnetic  field  and  the  cur- 
rent (§622),  and  thus  causes 
continuous  rotation.  Bar- 
low's   wheel    and    Faraday's  "'"'•  ''''■'■ 

disk  (g68i).  are  evidently  inverse  machines,  the  first  using  elec- 
trical energy  to  produce  mechanical  motion,  and  the  second  using 
mechanical  energy  to  produce  electrical  energy. 

708.  Direct  Omrent  Uotors.  The  direct  current  dynamo  be- 
comes a  motor  when  an  external  current  is  sent  through  its  field 
magnets  and  armature.  It  then  transforms  electrical  energy  into 
(he  mechanical  energy  of  the  rotation  of  the  armature.  The  forces 
acting  on  the  armature  circuits  follow  laws  already  treated  in  the 
sections  on  the  motion  of  circuits  in  a  magnetic  fleld(gg622,  707). 

^^The  rotation  of  the  armature  in  the  magnetic  field  induces  in 
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the  armature  coils  an  E.  M.  F.  which  opposes  the  current  driving 
the  machine.  This  back  E.  M.  F.  increases  with  the  speed  of  the 
motor.  Thus  the  current  through  the  motor  decreases  as  the 
speed  increases.  When  the  speed  causes  a  back  E.  M.  F.  equal 
to  the  impressed  E.  M.  F.,  there  is  no  current  through  the  arma- 
ture. This  occurs  when  a  frictionlcss  motor  runs  under  no 
load,  and  is  accordingly  doing  no  work.  At  starting,  there  is  do 
motion  and  no  back  E.  M.  P.,  and  hence  the  current  is  a  maximum. 
To  prevent  injury  from  the  "rush"  of  the  current  before  the 
motor  reaches  a  speed  to  produce  a  back  E.  M.  F.,  a  starting 
resistance  is  commonly  placed  in  series  with  the  armature.  This 
starting  resistance  is  gradually  reduced  as  the  speed  of  the  motor 
increases. 

709.  Altematiiig  Onrrent  Uoton.  Two  similar  single-phase 
A.  C.  machines  can  be  used  as  generator  and  motor,  provided  the 
motor  is  first  brought  to  a  synchronizing  speed  with  the  generator. 
An  A.  C.  machine  thus  used  as  a  motor  is  called  a  synchronous 
motor.  The  synchronous  motor  is  efficient,  but  has  the  great 
disadvantage  of  not  being  self -starting,  and  also  of  stopping  if 
the  motor  is  thrown  "  out  of  step  "  by  overloading.  Hence  syn- 
chronous motors  are  not  in  general  use.  The  successful  use  of 
alternating  currents  for  power  transmission  has  been  due  to  the 
invention  of  the  polyphase  induction  motor.  The  principle  of 
this  motor  was  first  discovered  and  stated  by  Ferraris,  in  1885, 
and  its  application  was  developed  by  Tesla  and  others.  Both  two 
and  three  phase  currents  have  been  successfully  used  in  these 
motors. 

710.  Simpla  Two  FbMe  Indnetlon  Motor.  In  Fig.  4S4  we  have  reprc- 
Bcnied  iwo  aeti  of  bclicM  ^A'  and  BB',  placed  at  right  angUs  to  each  oihcr. 

_  An   atternatins   current   tbrouKb   the    helix   AA' 

produces  an  allernating  mssnetic  field  in  ihe 
line  AA'.  If  the  current  through  AA'  i«  sinu- 
soidal, reprMenlcd  by  the  equation  e^^C  sin  pi 
(I  689),  then  the  intensity  of  the  field  is  repre- 
sented by  h^  =  NCB%nft=H  sia  ft,  where  N  it 
a  constant  depending  upon  the  number  of  wind- 
ings on  AA',  etc.  Similarly,  an  A.  C  in  BB' 
wilt  produce  an  alternating  magnetic  field  in  the 
line  BB'.  Suppose  the  A.  C.  in  BB'  to  differ  ia 
n  AA'  by  a  quarter  phase,  that  ■*,  c_^C  dn  (pi  +  jo*) 
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i  this  rotating  magnetic  field,  a  "  squirrel  cage  " 

lure,  whicb  can  rotate  about  its  axis  00',  wbicb 
perpendicular  to  tbe  field.  The 
Ibis  ■'  squirrel  cage  "  armature  can  be  seen  from 
Fig.  485.  It  consists  of  two  copper  disks 
mounted  on  a  shafi  00'.  and  with  copper  I 
around  the  circumference  of  the  disks,  joining 
the  disks.  It  is  found  that  such  an  armature 
rotates  approximalely  (jmcbronDusly  with  the  rotating  magnetic  field.  Tbe 
explanation  is  simple.  If  tbe  armature  were  held  still,  there  would  be 
electric  currents  induced  in  the  bars.  By  Leni's  law  these  induced  cur- 
rents would  react  magnetically  on  the  rotating  field,  with  a  force  tending 
to  prevent  the  relative  motion  of  Ibe  armature  and  the  field.  In  other 
words,  there  is  a  torque  causing  the  armature  to  rotate  wiib  the  field. 
Figs.    486-8   show  a   series    of    simple    experiments    for    demonstrnling    the 


f  the  rotating  Geld,  and  the  induclion  motor.      In  Fig.  486  we 

:  an  aluminum   disk,  mounted  on  a  pivot.    Under   this   is  a   mitgnct 

a  whirling  table   so   thai   il   can   be   rotated.      The  disk   ro- 
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tates  with  the  magnet.  This  is  the  inverse  of  Arago's  disk  (f  682),  and 
the  explanation  by  electromagnetic  induction  is  the  same.  In  Fig.  487, 
the  experiment  is  varied  by  substituting  a  "  squirrel  cage  "  cylinder,  pivoted 
on  a  vertical  axis  between  the  poles  of  the  rotating  magnet  NS.  In  Fig.  488, 
we  substitute  for  the  rotating  magnet,  two  coils,  placed  with  the  planes  at 
right  angles.  By  passing  through  the  coils  alternating  currents,  which  dif- 
fer in  phase  by  a  quarter  period,  a  rotating  magnetic  field  is  produced,  and 
the  "squirrel  cage"  rotates. 

ELECTRIC  OSCILLATIONS  AND  WAVES. 

711.  Electric  OscillationB.  In  the  preceding  sections,  we  have 
described  alternating  electric  currents  with  frequencies  which  are 
commonly  between  25  and  125  per  second.  It  has  been  seen  that 
these  alternating  currents  follow  special  laws  which  are  due  to 
the  special  importance  of  inductance  in  such  circuits.  At  still 
higher  frequencies,  alternating  currents  bring  in  new  phenomena 
with  additional  laws.  Alternating  currents  of  high  frequency  are 
called  oscillatory  currents,  or  electric  oscillations.  The  lowest 
frequency  for  which  the  term  oscillatory  is  used  is  naturally  not 
definite,  but  we  may  in  general  think  of  an  electric  oscillation  as 
having  at  least  1,000  alternations  per  second.  It  is  often  several 
million  per  second. 

The  study  of  electric  oscillations  has  been  in  recent  years  one  of 
the  most  important  and  fruitful  in  physics.  It  has  led  to  the  dis- 
covery of  electromagnetic  disturbances  in  the  space  about  oscil- 
latory currents,  disturbances  which  are  propagated  outward  as 
electric  waves.  These  electric  waves  have  been  shown  to  be 
identical  physically  with  light  waves,  except  in  being  of  longer 
wave-length.  Heinrich  Hertz,  the  discoverer  of  electric  waves,  was 
thus  able  to  prove  experimentally  the  theory  of  James  Qerk  Max- 
well, that  light  is  an  electromagnetic  phenomenon  (§715).  The 
experiments  of  Marconi  and  others  have  resulted  in  using  electric 
waves  to  transmit  signals  by  the  electric-wave  telegraphy.  Lodge 
and  his  fellow  workers  have  also  explained  many  of  the  "mys- 
teries "  of  lightning  discharges  by  laws  proved  for  oscillatory 
currents. 

712.  Methods  of  Generating  Electric  Oscillations,  Alternators. 
Two  general  methods  of  producing  high  frequency  electric  cur- 
rents or  oscillations  have  been  used,  (a)  by  multipolar  alternating 
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dynamos,  and  (b)  by  an  electric  discharge  in  a  circuit  containing 
capacity  and  inductance  in  certain  ratios,  with  low  oiimic  resistance. 

A  high  frequency  dynamo- electric  machine  must  have  a  large 
number  of  poles,  and  be  driven  at  a  high  velocity.  Such  machines 
have  been  constructed  by  Tesla,  Ewing,  Duddell  and  others.  Fre- 
quencies of  from  10,000  to  15,000  per  second  were  ordinarily 
reached,  and  in  one  machine  a  frequency  of  120,000  per  second  is 
recorded.  But  the  velocity  of  the  moving  parts  must  be  so  high 
that  only  small  machines  are  mechanically  possible.  The  high 
frequency  alternator  is  therefore  not  at  present  promising  as  a 
generator  of  electric  oscillations. 

The  only  methods  of  producing  oscillations  of  the  highest  fre- 
quency are  those  based  on  the  oscillatory  character  of  the  dis- 
charge of  a  circuit  containing  capacity.  This  will  be  described  in 
Ihe  next  section. 

713.  OBcillations  by  a  Condenser  Discharge.  When  a  Leyden 
Jar  is  discharged,  there  is  a  flash  which  to  the  eye  appears  as  a 
single  spark.  But  as  early  as  1842  Joseph  Henry  concluded  that 
this  discharge  of  a  Leyden  jar  "  is  not  correctly  represented  by 
the  single  transfer  of  an  imponderable  fluid  from  one  aide  of  the 
jar  to  the  other."  "  The  phenomena,"  he  continues,  "  require  us  to 
admit  the  existence  of  a  principal  discharge  in  one  direction,  and 
then  several  reflex  actions  backwards  and  forwards,  each  more 
feeble  than  the  preceding  until  equilibrium  is  obtained."  Henry 
reached  this  striking  conclusion  by  observing  the  irregular  mag- 
netization of  steel  needles  by  Leyden  jar  discharges.  Henry's 
conclusion  was  confirmed  by  the  malhematical  theory  of  Lord 
Kelvin,  published  in  1853.  Kelvin  showed  that  the  character  of 
the  discharge  depended  upon  the  resistance  R,  the  capacity  C,  and 
the  inductance  L,  and  that  the  frequency  is  given  by  the  equation, 


If  IP/aL'  is  so  small  as  lo  be  neglected  compared  to  i/Z-C,  then 
_|lie  frequency  is 
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or  ihe  period  T  =  2ir^LC.     That  is,  if  the  resistance  of  the  di«- 
charging  circuit  is  small,  then  the  discharge  is  oscillatory.    These    | 
oscillations  are  rapidly  damped.    When  the  resistance  R  is  large, 
then  the  term  under  the  radical  is  negative  and  the  frequency  be- 


ik) 


comes  imaginary.  The  discharge  is  unt -directional,  dying  away 
slowly.  Figs.  489,  a  and  b,  are  curves  showing  these  two  types  of 
discharge. 

In  1858  Feddersen  confirmed  Kelvin's  theory,  showing  by  ex- 
amining the  spark  discharge  with  a 
revolving  mirror,  that  the  spark  con- 
sists of  a  series  of  alternating  and 
diminishing  flashes.  Others  have 
photographed  these  flashes.  One  of 
the  most  beautiful  confirmations  of 
the  oscillatory  character  of  Leyden 
jar  discharge  is  shown  in  the  photo- 
^aph  reproduced  in  Fig,  490.  This 
was  made  by  Zenneck  in  1904.  using 
P,(.  a     Braun    lube    as    an    oscillograph 

(§698). 
The  discharge  of  a  condenser  is  thus  analogous  to  the  vibra- 
tions of  an  elastic  rod  clamped  at  one  end.     When  bent  and  re- 
leased, the  rod  in  general  vibrates  back  and  forward  about  ao 
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equilibrium  position,  dissipating  its  energy,  and  finally  coming  to 
rest  But  if  the  rod  is  immersed  in  a  heavy  oil,  which  offers 
considerable  resistance  to  motion,  the  rod  comes  slowly  to  rest 
without  vibrating  beyond  its  equilibrium  position. 

714.  Electric  Oscillations  and  Wayes.  Besonance.  In  1888 
Heinrich  Hertz  showed  that  a  conducting  system  in  which  electric 
oscillations  are  produced  becomes  the  source  of  electric  waves,  and 
that  these  waves  can  be  detected  by  oscillations  set  up  in  a  similar 
circuit  called  a  resonator.  Fig.  491  shows  one  of  Hertz's  arrange- 
ments. The  discharge  rods  A  and  B  are  connected  to  terminals 
of  the  secondary  of  the  induction  coil  C,  and  are  separated  by  the 
discharge  gap  P.  The  metal  spheres  5*  and  S*  slide  on  the  rods, 
so  that  the  length  of  the  discharge  circuit  can  be  varied.  For  a 
receiving  circuit  or  resonator.  Hertz  used  a  loop  of  wire  R  broken 
by  the  spark  gap  P'.    He  found  that  when  the  two  circuits  were 


-($> 


c 


"^ 


P 


6 


<?)- 


Fig.  491. 


**in  tune,"  a  discharge  at  P  caused  a  spark  at  P';  or  in  other 
words,  oscillations  in  the  first  circuit  produced  oscillations  in  the 
second  circuit.  The  explanation  is  evidently  exactly  like  that  of 
the  experiment  of  resonance  between  two  tuning  forks  on  resona- 
tors. The  sound  waves  sent  out  from  a  tuning  fork  A  set  in 
vibration  a  second  fork  B,  provided  the  two  forks  are  of  the  same 
pitch.  The  electric  waves  from  the  oscillator  produce  the  electric 
oscillations  in  the  resonator,  provided  they  are  "in  tune."    Fig. 
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Fig.  492. 


492  shows  a  striking  class-room  experiment  due  to  Lodge  for  show- 
ing electrical  resonance.  A  and  B  are  two  equal  Leyden  jars. 
The  jar  /i  has  a  wire  loop  L  which  forms  the  discharge  circuit, 

the  gap  being  between  the 
'    ^  polished  balls  at  P.    The 

L  jar  is  charged  by  a  small 

static     electric     machine. 

The  inner  and  outer  coat- 
ings of  the  jar  5  are  con- 
nected by  a  wire  loop  L', 
the  inductance  of  which 
can  be  varied  by  the  slid- 

ing  wire  m.     By  using  a 

tin- foil  strip,  a  small  gap 
G    is    left    between    the 

inner  and  outer  coatings  of  B,  When  the  two  circuits  are  in  tune, 
a  discharge  in  A  produces  oscillations  in  B,  which  are  shown  by 
a  bright  spark  at  G. 

715.  Electromagnetic  Theory  of  Light  Using  his  spark  gap  de- 
tector, Hertz  showed  that  electric  waves  are  reflected  from  plane 
and  curved  metal  surfaces  in  accordance  with  the  same  laws  as 
light  waves;  that  they  are  refracted  in  passing  through  prisms  of 
resin,  paraffine  and  other  dielectrics;  that  they  are  polarized  by  a 
coarse  metal  grating,  and  hence  are  transverse  waves.  He  meas- 
ured their  wave-length  and  computed  from  his  oscillator  their 
frequency ;  and  thus,  from  the  formula  v  =  nXj  he  determined  that 
the  velocity  of  electric  waves  is  the  same  as  that  of  light.  The 
electric  waves,  which  Hertz  produced,  generally  had  wave-lengths 
of  eight  or  nine  meters.  The  shortest  electric  wave  yet  produced 
has  a  wave-length  of  about  four  millimeters,  still  many  times  the 
length  of  the  longest  infra-red  line  (§499). 

Twenty  years  before  Hertz's  experiments  were  performed,  Max- 
well advanced  the  view  that  waves  of  light  are  electromagnetic 
waves  of  very  short  wave-length.  From  theoretical  calculations 
Maxwell  found  that  the  velocity  of  such  waves  equals  i/\/ifjL, 
where  k  is  the  dielectric  constant  of  the  medium  and  fi  its  per- 
meability, both  being  expressed  in  electromagnetic  units.  The 
velocity  thus  calculated  for  air  agrees  with  the  velocity  of  light 
(§720).    The  value  of  fi  for  transparent  substances  is  nearly  i. 
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Hence  Ihe  inJex  of  refraction  (§431)  from  a  substance  of  dielec- 
tric constant  fe,  to  another  of  dielectric  constant  fe,  is  w  ^  ^kjk^. 
This  relation  has  also  been  verified  in  many  cases,  but  the  de- 
pendence of  n  on  the  wave-length  makes  the  test  difficult  in  other 
cases.  The  waves  started  from  Hertz's  oscillator  (§  714)  are 
plane  polarised.  At  P'  there  is  an  alternating  electrostatic  force 
in  the  plane  of  the  diagram  and  an  alternating  magnetic  force  per- 
pendicular to  that  plane.  These  together  constitute  the  vibration 
the  front  of  the  wave  and  a  plane  polarized  wave  of  light  is 
similarly  constituted.  Thus  the  electromagnetic  theory  completes 
the  wave  theory  staled  in  Light,  by  explaining  the  nature  of  the 

ave-molion. 

716.  Electric  Waves  along  Wires.     Fig.  493  shows  a  form  of 


Hertz  oscillator  as  modified  by  Lecher  to  show  electric  waves 
along  wires.  The  oscillations  produced  by  the  discharge  across 
P,  act  by  static  induction,  and  produce  waves  which  traverse  the 
wires  C  andD  and  are  reflected  hack,  thus  forming  standing  waves 
by  interference  between  the  advancing  and  the  reflected  waves 
(§346).  similar  to  the  standing  waves  in  organ  pipes    (§373)- 

tThe  nodes  and  loops  can  be  detected  by  sliding  a  small  gap  along 
die  vinres,  or  easier  by  a  device  due  to  Arons,  shown  in  Fig.  494. 
Arons  enclosed  the  two  wires  in  an  exhausted  glass  tube.  The 
loops  are  indicated  by  the  electrical  discharges,  while  the  nodes 
remain  dark. 

Seibt    has   arranged    a   beautiful    class-room    experiment    (Fig. 
^S)  in  which  he  uses  a  Tesla  transformer  T  (§687)  as  o^ 
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lator,  and  a  special  resonance  coil  CD  to  show  standing;  waves. 
The  vertical  coil  CD  is  about  two  meters  high  and  consists  of  a 


coil  of  silk-covered  wire  on  a  wooden  core.  Parallel  to  it  aiul 
insulated  from  it,  is  a  stretched  wire  MN.  The  nodes  and  loops 
come  out  brilliantly  in  a  darkened  room  as  indicated  in  Fig,  496. 

717.  Detectors  of  Electric  Waves.  The  spark  gap,  which  Hertt 
used  so  successfuHy  in  his  investigations,  has  been  largely  re- 
placed by  more  sensitive  detectors.  Cymoscope  has  been  proposrf 
as  a  general  name  for  electric  wave  detectors.  Almost  ( 
effect  of  an  electric  current  has  been  used  in  these  detectors,  such 
as  healing,  magnetic,  electrolytic  and  resistance  effects.  Only  one 
of  these  detectors,  the  coherer,  will  be  described  here.  The  reader 
is  referred  to  special  treatises  for  accounts  of  the  others. 

The  coherer,  in  the  form  given  to  it  by  Marconi,  consists  of  a 
small  glass  tube  TT'  Fig.  497,  in  which  there  arc  two  silver  elcc- 
',  separated  by  a  small  quantity  of  loosely  packed  tnetal 
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filings.  A  mixture  of  95  per  cent  nickel  and  5  per  cent,  silver 
filings  has  been  successfully  used  by  Marconi.  Marconi  also 
found  that  exhausting  the  tube  of  air  increased  the  reliability  of 
the   coherer.    The  action  of  the   coherer  depends  upon  a   dis- 
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covery  made  by  Branly  in  1900.  He  discovered  that  loosely  packed 
metal  filings,  which  offered  practically  infinite  resistance  to  an 
electric  current,  suddenly  acquire  good  conductivity  under  the 
action  of  an  electric  wave.  When  lightly  tapped  or  shaken,  the 
filings  again  lose  their  conductivity.  The  generally  accepted  ex- 
planation is  that  the  small  filings  cohere  owing  to  the  welding 
action  of  the  infinitesimal  sparks  produced  by  the  electric  wave, 
and  hence  the  name  coherer  was  given.  The  coherer  is  not  selec- 
tive in  its  action,  that  is,  it  responds  to  electric  waves  of  many 
or  all  lengths.  The  method  of  using  the  coherer  can  be  seen 
from  the  diagram  in  the  next  section. 
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Fig.  498. 
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718.  Electric  Waye  Telegraphy.  Since  1895,  Marconi  has  de- 
veloped a  system  of  electric  wave  telegraphy,  more  often  called 
wireless  telegraphy,  for  transmitting  signals  to  a  distance.  Using 
very  powerful  oscillators  and  extremely  sensitive  detectors,  Mar- 
coni has  transmitted  messages  thousands  of  miles.  This  system 
has  been  particularly  successful  in  communicating  with  and  be- 
tween ships  at  sea.  Fig.  498  shows  a  diagram  of  an  electric 
wave  telegraphic  arrangement  A  and  A'  are  high  vertical  lines. 
P  is  the  spark  gap  of  the  sending  station,  C  is  the  coherer,  Rxsz 
relay  operated  by  any  current  through  C.  This  throws  in  the 
battery  B„  and  excites  the  magnet  M  which  decoheres  C  by  tap- 
ping it    E  and  E  are  earth  connections. 

DIMENSIONS  OF  ELEOTBIOAL  UNITS. 

719.  Kinds  of  Electrical  Units.  Three  kinds  of  electrical  units 
have  been  defined  and  used  in  the  previous  sections,  the  electro- 
static units,  the  electromagnetic  units,  and  the  "  practical  units." 
The  practical  units  have  been  defined  as  multiples  of  the  elec- 
tromagnetic units,  the  multiples  being  chosen  so  as  to  make  units 
of  convenient  sizes  for  calculations  in  the  technical  applications 
of  electricity.  The  electrostatic  and  electromagnetic  units  arc 
both  "  absolute  units,"  that  is  are  based  by  definitions  on  simple 
relations  to  the  fundamental  units,  the  units  of  length,  mass  and 
time  (§  150).  The  particular  absolute  system  long  universally 
used  in  electricity  and  magnetism  is  that  based  on  the  centimeter, 
the  gram  and  second,  or  the  C.  G.  S.  system  (§  150). 

The  establishment  and  universal  use  of  an  absolute  system  of 
units  in  electricity  and  magnetism  has  contributed  much  to  the 
progress  of  the  science  both  in  its  theory  and  in  its  applications. 
The  relations  of  the  units  of  electric  quantity,  current,  potential, 
etc.,  to  the  units  of  energy  and  power  are  clear  and  direct  in  an 
absolute  system.  Thus  the  product  of  the  number  of  units  of 
current  and  of  potential  gives  directly  the  number  of  units  of 
power  or  activity,  no  arbitrary  constants  entering  into  the  calcu- 
lations. The  advantage  of  this  simplicity  is  evident.  Again  the 
study  of  the  dimensions  of  the  units  (§  151),  has  led  to  a  clearer 
view  of  the  nature  of  electrical  and  magnetic  quantities,  and  of  the 
relations  of  electrical  phenomena  to  other  phenomena.    Thus  the 
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comparison  of  the  dimensions  of  the  electrostatic  and  electromag- 
netic units  suggested  to  Maxwell  important  similarities  of  the 
electrical  and  optical  ethers,  and  contributed  much  to  Maxwell's 

electromagnetic  theory  of  iight  (§?15).  This  last  theory  was 
again  a  starting  point  for  speculations  which  resulted  in  Herla's 
epoch-making  experiments  on  electric  waves  and  their  properties 
(5714).  The  dimensions  of  electrical  and  magnetic  units  thus 
have  a  greater  importance  than  that  of  translating  results  from 
one  absolute  system  to  another  (§  151), 

720.  Dlmenalona  of  Electricftl  Unita.     The  (oIlawinK  table  gives  the 
dimensions   of   Eve   of   the   more   usual   cUcirostalic   and   electro magneb'c 


Nu*. 

SmboL 

E]«™H.«a..,c. 

Electric  Quantity 

Magnetic  Field 
Cairent 
Potential  or 
ElecIromotiTe  Force 

H 

i 

(ZS7--WW] 

[iivtfii-ii 

[Zi7^'yl/l4ij 
[Zir-Wi4-l] 

[zl^/V-*i 
[zJr->^i/i!j 
[z-ir-wi^-i] 

[Zlr-i^l/i-l] 

[Zlz-wl;.!] 

The  method  of  deriving  the  above  dimenaions  from  the  dcfimtioni  ia 
shown  by  the  following  examples. 

Eleetrosiaiic  Unit  of  Quality.  We  have  by  definition  (D  57S)  q  =  T\j¥W, 
Using  ihe  dimensions  oE  r  and  F  <S  154),  we  get  [y]  ^  [iJ7--i^lti].  [n 
■bii  b  is  the  specific  inductive  capacity  or  dielectric  conslsnt  (!  S75).  * 
quimtitr  arbitrarily  assumed  as  unity  for  air  but  of  undetermined  dimcn- 

Electrostatic  Unit  of  Current.  By  definition  (1  613)  [/]  =  (/(.  Sub- 
■lilutine  the  dimensions,  we  get  [/]=  [Z.*7--M/W]. 

The  gtartiag  point  in  the  eleclromagnelic  ayslcm  is  Ihe  definition  of  Unit 
magnetic  pole  (I  549),  m  =  r\/Pit,  where  ft  is  the  magnetic  permeability 
(I  SS7).  *  quantity  arbitrarily  assumed  as  unity  tor  air,  but  of  undetermined 
dimensions.  From  this  we  gel  the  dimensions  of  [«]  =  [Z*7-".Wi/<U- 
From  the  relation  that  F,  the  force  al  a  point  in  a  magnetic  field  ia  mH, 
we  get  H  ^=  F/m.  The  dimensional  equation  for  intensity  of  magnetic 
field  is  thus  [//l  =  [Z-47-'.J/i,ili- 

Electromagnetic  Unit  of  Current.    The  strenglh  of  magnetic  field  at  the 

center  of  a  circular  coil  of  radius  r,  and  carrying  a  current  /.  is  H  —  iwl/r 

,  ,(4  fiai) ;  fubitiliititig  dimensions,  we  get  [/]=];//]  [Z]  =  [i-i  7"-' .J/i/i- !]■ 


9  =  tt. 

:zJ  T-^Jf'uil  ^  [ZijrU-i]  =  ILT-^J^-ij.      But  LT-^  n  a 
i  :S4^.     -na'vciKfsj  -V-  ala»  aypon  is  tke  ntios  of  te 

U  MM  dectnc  ^lumtity 

tiKB  boA 

of  tkis  trfocitj  ''v*  ca  be 

bj  Weber  aad  KoUraasd  in   185^  bf 

tic  cieetnc  ^^jjMiItj  is  a  fn«lfirr  from  hs  dectrostatk  o- 

yi^r«\iiT   i.f  s^j/,  aad  also  bj  dj^rbaryng  die  same  cpanthy 

baCssbe    ca^TamMaeter    (|6jo).       They    obtained    tbe    Talne 

3,iq>y/h4n.ftoo   mi'  *>  r  1  per  second.      Tkis  mimbrr  is   witbin  limits  of 

lekicity  of  fight.  This  eqnality  has  been  estabbsbed 
of  later  dcteiminationfc.  The  ch»e  connection  beineen  the 
leiocity  of  la^t  and  the  ratio  of  the  electrostatic  and  dectromagnetic 
tmrts,  coafinncd  lCaxwe3  in  the  theory  that  fi^t  is  a  phenomenon  of  the 
sa=e  ester  as  that  of  electromagnetic  actions  (f  715). 

If  ve  ass=ie  the  tuaaStj  of  the  two  mtits  of  quantity,  without  assnmiog 
k  ^rd  ^  as  cnxtj,  we  get  directly  that  •*  v "  ^  i/yjkp^  This  is  a  very 
sigciScant  relation,  and  has  been  the  sobject  of  nrach  experiment  bat  has 
been  cnlj  partiaTy  confinced. 

PROBLEMS. 

1.  Find  the  intensity  of  field  at  a  point  40  cm.  from  a  magnet  in  the 
perpecdicular  bisector  of  the  line  joining  the  poles  of  the  magnet  6  cm.  long 
and  of  pole  strength  160.  Calculate  the  force  on  a  pole  of  -|-  80  if  placed 
at  the  poinL 

2.  DeriTe  formula  for  field  strength  at  a  point  in  the  line  throu^  the 
poles  of  a  magnet. 

3.  Two  small  spheres,  each  weighing  i  decigram,  having  equal  charges, 
are  suspended  from  the  same  point  by  silk  fibers  80  cm.  long.  If  the 
spheres  are  kept  8  cm.  apart  by  repulsion  what  is  the  charge  on  each? 

4.  Given  two  spheres  of  radii,  3  cm.  and  8  cm.,  how  will  a  charge  of  (^ 
units  distribute  itself  over  them  if  they  be  connected  by  a  fine  wire? 

5.  Two  charges  +  90  and  —  40  are  30  cm.  apart.  Find  the  intensity  of 
field  at  a  point  in  the  line  joining  them  60  cm.  from  the  negative  and  90  cm. 
from  the  positive  charge,  and  calculate  the  force  on  a  charge  of  +  20  if 
placed  at  this  point. 

6.  A  charged  pith  ball  of  negligible  size  is  fastened  to  a  perfectly  smooth 
insulating  plane  of  slope  sin-^  0.15.  Directly  up  the  plane  5  cm.  a  pith  ball 
of  mass  0.5  gram  charged  with  +21  is  just  kept  from  rolling  down. 
What  is  the  charge  on  the  fixed  ball? 

7.  A  Leyden  jar  %  cm.  thick  is  3  cm.  in  radius  and  9  cm.  high.  Find 
its  capacity,  if  the  dielectric  constant  for  glass  is  6.  Find  charge  on  each 
plate  when  p.d.  is  15. 

8.  A  condenser  of  10  plates,  each  20  cm.  X  30  cm.  has  0.4  mm.  of  air  be- 
tween each  pair  of  plates.     Find  the  capacity. 


9.  Two  plate  condenien  are  joined  in  parallel.  One  is  n  15  plate  air 
cocdenser,  each  plate  ti  cm.  long  sad  5  cm.  broad,  3  mm.  apart;  the  other 
a  mica  coodenser  of  10  plates,  23  cm,  long,  15  cm,  broad,  0,5  mm.  apart, 
^ectfic  inductive  capacity  of  mica  being  8.     FJcd  ibe  capacity. 

10.  Two  concentric  spheres  of  radii  lo  cm.  and  10)/^  cm.  are  separated 
by  air  and  are  charged  to  difference  of  potential  of  So  volts.     Find  charge, 

11.  A  pair  of  circular  plates  of  radii  la  cm.  each  are  2  mm.  apart  in  air. 
They  are  charged  to  a  difference  of  potential  of  10  and  are  (ben  connected 
to  the  plates  of  an  uncharged  condenser  and  the  diiference  of  patemial 
falls  to  3.     Find  the  capacity  of  this  condenser. 

12.  Find  the  capacity  of  a  ptale  condenser  made  of  two  reclangular  con- 
ductors 3a  cm.  long  and  12  cm.  broad,  0.2  cm.  apart  in  air. 

13.  If  the  air  be  replaced  by  o.a  cm.  sheet  of  glass  of  dieteclric  constant 
7,  find  the  charge  on  each  plate  when  the  difference  of  potential  is  ao. 

14.  Calculate  the  resistance  of  i.io  Itilometers  of  Copper  wire  of  diameler 
0.B4  cm.,  tailing  specific  resistance  of  copper  lo  be  0.0000Q18  ohms. 

lis.  Calculate  current  which  will  deflect  a  tangent  galvanometer  45°,  if 
the  galvaaomeler  consists  of  a  coil  18  cm.  in  diameler,  of  7  turns  of  wire, 
act  up  in  a  field  of  0.198  lines  per  cm*. 

16.  Find  (he  field  strength  iG  cm.  from  the  cen(er  of  a  coil  in  the  line 
of  its  axis  if  the  coil  cariy  0.5  amp.  and  be  14  cm.  in  diameter. 

17,  Find  force  on  a  pole  of  jo  if  placed  at  center  of  coil. 

15.  Given  3  cells  of  1.4  volls  and  0.8  ohms  resistance  each,  find  re- 
sistance of  the  battery  if  the  cells  be  connected  in  series  and  calculate 
the  current  through  an  external  resistance  of  g  ohms. 

19.  Find  the  resistance  of  the  battery  if  cells  be  in  parallel  and  also 
current  through  g  ohms  external  resistance, 

20.  By  experimenting  wi(b  a  Weston  ammeter  it  was  found  that  .oooij 
amperes  through  the  coll  gave  one  unit  scale-deffection.  If  the  resistance 
of  the  coll  circuit  be  5,60  ohms  what  must  be  that  of  the  shunt  so  i  ampere 
in  the  external  circuit  will  give  i  unit  scale  defection? 

21.  It  i*  desired  to  supply  600  incandescent  lamps,  in  parallel,  with  ii 
amp,  each,  at  1 10  volts  potential  difference  between  the  lamp  terminals. 
If  the  drop  in  the  tine  be  2.2  volts  what  is  the  resistance  of  (he  line  and 
bow  much  power  is  lost  in  it?  How  much  power  must  be  generated  and 
what  voltage? 

22.  A  car  is  lighted  ly  live  lamps  of  120  ohms  resistance  each,  joined  in 
•cries.  What  is  the  total  resistance  of  the  lamps?  If  the  difference  of 
potential  between  the  ends  of  Ibe  lamp  circuit  be  550  volts,  what  current 
flows  through  lamps?  What  power  is  expended  in  Ibis  circuit  and  at  gc. 
per  K.  W.  hr.,  what  does  it  cost  to  light  a  car  for  one  hour? 

23.  If  the  motive  circuit  of  a  snow  sweeper  take  50  amp,  (at  SSo  volts) 
and  the  broom  molors  lake  80  amp.,  Itad  the  total  power  consumed  in  the 
t»r  if  the  two  circuits  be  in  parallel  across  550  volt  mains.  Find  cost  per 
br.  at  9c.  per  K.  W.  hr, 

24.  Show  that  Leni's  taw  and  Fleming's  rule  lead  to  the  same  direction 
for  an  induced  current  in  a  conductor  moved  across  a  magnetic  field. 

SS,  The  diameler  of  ■  circular  coll  is  30  cm.  and  the  resistance  is  0,1  ohm. 
Find  the  quantity  of  electricity  in  coulombs  which  will  flow  in  the  ring 
when  revolved  from  a  position  at  right  angles  to  a  magnetic  field  lo  a 
poution  parallel  to  Ibe  field.    H  ^  20. 

as,  A  circular  coil  40  em.  in  diameter  and  with  100  turns  is  rotated  five 
timci  per  second  about  a  vertical  axis.  Find  the  maximum  E.  M.  F.  in- 
duced.   The  horitontal  component  of  the  tield  is  0.2, 

ST.  ]f  the  HOgle  of  dip  is  70°,  what  is  the  maximum  E.  M.  F.  induced 
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when  the  abore  coil  ii  rotated  about  a  hoiiaontal  aads  ten  times  per  aeoond? 

88.  Calculate  the  E.  M.  F.  induced  in  a  car  axle  lengdi  xso  cm.  and  wtdi 
a  Telocity  of  25  meters  per  second,  where  the  total  intensity  of  the  field 
is  0.6  and  the  angle  of  dip  is  70^. 

29.  Calculate  the  number  of  revolutions  per  second  which  must  be  given 
to  a  disk  of  60  cm.  diameter  to  produce  an  E.  M.  F.  of  5  volts  between 
the  center  and  the  periphery  qf  the  disk,  the  axis  of  the  disk  being  parallel 
to  the  field,  and  the  field  being  uniform  and  of  strength  x  0,000. 

90.  Draw  a  figure  showing  the  directions  of  the  induced  currents  in  the 
disk  of  a  pendulum  swinging  between  the  poles  of  a  magnet  across  die 
field.  How  should  the  disk  be  laminated  to  make  the  induced  currents  a 
minimum  ? 


>][DU0TIOH  OF   ELEGTBICITT  THROUGH  OASES  AND 

BABIO-ACTlVlTy. 

By  R.  K.  McClung,  D.Sc, 

'ofessar  of  Physics,  Mount  Allison  University,  Sackville,  N,  B. 
Late  Senior  Demonstrator  in  Physics,  McGill  University. 

CONDUCTION  OF  ELECTRiaTY  THROUGH  GASES. 

7SL  btrodnction.  Air,  as  well  as  other  gases,  under  normal 
anditioiis  is  almost  a  perfect  non-conductor  of  electricity.  When 
L  difference  of  potential  is  established  between  two  points  in  a 
^  the  gas  is  in  a  state  of  strain,  as  has  been  explained  in  a  former 
paragraph  (§579).  This  strain  increases  with  increase  of  poten- 
tial until,  when  a  certain  potential  is  reached,  the  air  is  no  longer 
aUe  to  withstand  the  strain  and  breaks  down  and  a  discharge 
passes.  A  momentary  current  of  electricity  is  thus  produced 
through  the  gas.  To  produce  such  a  discharge  a  comparatively 
large  potential  is  required,  several  thousand  volts  being  necessary 
to  produce  a  spark  of  i  cm.  length  in  air  at  atmospheric  pressure. 
The  potential  necessary  to  produce  a  discharge  depends  upon  the 
shape  of  the  electrodes  and  the  nature  and  pressure  of  the  gas. 

782.  Eifect  of  Pressure  of  a  €hui  on  the  Discharge.  If  two  metal 
electrodes  are  inserted  in  the  ends  of  an  air-tight  glass  tube,  such  as 

shown  in  Fig.  499,  filled 


with    air   at   atmospheric 
pressure,  and  if  sufficient 


Fig.  499. 


>^j^  to  pnmp         voltage  is  applied  to  the 

electrodes  the  discharge 
ordinarily  obtained  in  air 
will  be  observed.  If  the  air  be  gradually  exhausted  from  the 
tube  the  discharge  will  pass  with  greater  and  greater  ease  as  the 
pressure  is  diminished,  until  a  certain  minimum  pressure  is  reached. 
and  if  the  exhaustion  be  carried  beyond  this  point  the  voltage 
necessary  to  produce  a  discharge  will  increase  somewhat  rapidly, 
until  at  the  lowest  pressure  obtainable  it  will  be  impossible  to  cause 
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cathode  b  coiercd  br  a  lerr  ddn  layer  of  luminosity;  next  to  this 
is  a  dark  space  which  is  called  the  Crookes  dark  space ;  immediately 
beyxxMi  this  dark  space  is  a  hnninoos  part  called  the  negative  glow, 
aixi  then  beyocd  this  again  is  a  second  dark  r^on,  sometimes 
dZed  the  Faradar  dark  space.  Between  this  and  the  anode  there 
is  a  hxmii»cs  region  which  goes  under  the  name  of  the  positive 
coinrnT:  Ucder  certaia  conditions  of  current  and  pressure  the 
posztive  coiinrn  shows  alternately  dark  and  light  spaces  which  are 
called  strur.  The  posztioa  of  the  positive  electrode,  or  anode,  in 
the  tube  does  not  affect  the  position  of  the  n^ative  glow,  for  if 

the  anode  be  placed  in  a  side 
^  tube  as  in  Fig.  501,  the  posi- 
tive column  will  bend  into  this 
tube  to  meet  the  anode,  but 
the  negative  glow  may  extend 
in  a  straight  line  beyond  this 
side  tube.  The  proportion  of 
the  space  between  the  electrodes  occupied  by  each  of  these  sections 
of  the  discharge  depends  upon  the  distance  between  the  electrodes. 
Any  increase  in  the  length  of  the  discharge  beyond  a  few  centi- 
meters causes  an  increase  in  the  length  of  the  positive  column  but 
no  increase  in  the  negative  glow  or  dark  space.  Similar  phe- 
nomena occur  in  other  gases  besides  air. 
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72S.  Oatliode  Bayi.  When  the  pressare  in  such  a  discharge 
tube  is  lowered  to  the  neighborhood  of  a  hundredth  of  a  xnilli- 
meter,  a  new  phenomenon  makes  its  appearance.  The  positive 
^r^^im"  begins  to  disappear  and  a  bright  phosphorescence  appears 
on  the  sides  of  the  tube.  This  phosphorescence  appears  to  be 
prodticed  by  radiations  or  streams  of  very  minute  particles  issu- 
ing normally  in  straight  lines  from  the  cathode.  They  are,  con- 
aeqnentlyy  called  cathode  rays,  and  possess  remarkable  properties. 

They  were  discovered  in  the  year  1859  by  Plucker,  who  observed 
the  phosphorescence  produced  by  them.  He  also  observed  that  if 
he  brought  a  magnet  close  to  the  tube  the  rays  were  deflected  from 
their  original  path.  A  few  years  later  Hittorf  discovered  that  if 
he  placed  a  solid  body  inside  the  tube  in  the  path  of  the  rays  it 
casts  a  well  defined  shadow.  Numerous  other  substances  besides 
glass  are  caused  to  phosphoresce  by  the  impact  of  cathode  rays. 
For  instance,  such  substances  as  calcspar,  potassium  platino-cyanide 
and  some  of  the  rare  earths  show  this  effect. 

The  bombardment  of  some  substances  by  cathode  rays  causes  a 
marked  heating  effect  If  the  rays  be  concentrated  upon  a  platinum 
plate  inside  the  tube  the  plate  may  be  heated  to  incandescence. 

Chexnical  changes  are  also  produced  in  some  substances  by 
cathode  rays,  as  is  shown  by  the  change  of  color  of  the  substance 
acted  on.    This  effect  is  usually  not  a  permanent  one. 


Fig.  502. 


One  of  the  most  important  properties  of  the  cathode  rays  is 
that  they  carry  a  negative  charge  of  electricity.  This  was  origi- 
nally proved  by  Perrin  and  his  method  was  later  modified  by 
J.  J.  Thomson.    A  diagram  of  the  apparatus  used  in  the  latter 
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experiment  is  shown  in  Fig.  502.    A  was  the  cathode  and  B  the 
anode.    The  cathode  rays  from  A  passed  into  the  larger  part  of  the 
tube  through  a  hole  in  B  and  fell  upon  the  glass  at  a  point  C.  A  side 
tube  contained  two  coaxial  metal  tubes.    The  outer  one  E  had  a  slit 
in  the  end  and  was  connected  to  earth.    This  shielded  the  inner 
tube  from  any  stray  electric  effects.   The  inner  tube  D  had  a  slit  op- 
posite that  in  E  and  was  insulated  from  E  and  connected  to  an  elec- 
trometer. When  the  cathode  rays  were  allowed  to  fall  upon  the  glass 
bulb  the  electrometer  indicated  only  a  very  small  effect,  but  if  the 
rays  were  deflected  by  means  of  a  magnet  so  that  they  fell  upon  the 
slits  in  the  cylinders  D  and  E  the  electrometer  indicated  that  the 
cylinder  D  had  received  a  considerable  negative  charge.    If  the 
rays  were  deflected  still  further  so  as  to  miss  the  slit  the  cylinder 
immediately  ceased  to  receive  any  charge.    This  experiment  clearly 
shows  that  the  rays  are  accompanied  by  a  negative  charge  of 
electricity.    If  the  cathode  rays  be  allowed  to  pass  between  two 
parallel  plates  inside  a  highly  exhausted  cathode  ray  tube,  such 
as  is  indicated  by  Fig.  503,  and  a  large  difference  of  potential  be 


Fig.  503.    (After  J.  J.  Thomson,  Conduction  of  Electricity  through  Gases.) 


established  between  the  plates,  the  beam  of  rays  will  be  deflected 
and  the  deflection  will  be  in  the  same  direction  as  a  negatively 
charged  particle  would  be  moved  by  the  field. 

The  facts  that  these  rays  may  be  deflected  by  a  magnetic  and  also 
by  an  electric  field  and  that  they  are  accompanied  by  a  negative 
charge  point  strongly  to  the  conclusion  that  the  rays  consist  of 
small  negatively  charged  particles  shot  out  in  straight  lines  with  a 
high  velocity  from  the  cathode. 

724.  Velocity,  and  Ratio  of  the  Charge  to  the  Mass,  of  a  Oftthoda 
Bay  Particle.    We  will  now  consider  the  method  which  J.  J.  Thom- 
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son  originally  used  to  determine  these  quantities.  A  highly  ex- 
hausted cathode  ray  tube  was  arranged  as  shown  in  Fig.  503.  C  was 
the  cathode,  A  the  anode,  and  B  a  thick  metal  plug,  .-f  and 
B  were  pierced  by  holes  in  the  same  straight  line  about  a 
millimeter  in  diameter,  so  that  a  very  narrow  beam  of  rays 
might  pass  along  the  middle  of  the  tube  and  fall  upon  a 
screen  of  phosphorescent  material,  thereby  producing  a  small 
bright  spot  D  and  E  were  two  parallel  plates  which  could 
be  connected  to  the  poles  of  a  battery.  Suppose  that  V  is  the 
Telocity  of  the  particle  in  cms.  per  second,  m  its  mass,  and  e  the 
charge  which  it  carries,  measured  in  electrostatic  units.  If  the 
tube  be  placed  between  the  poles  of  a  strong  electro-magnet,  so 
that  a  field  of  strength  H  is  acting  at  right  angles  to  the  beam, 
the  spot  on  the  screen  will  move  from  a  to  fr  in  a  direction  at 
right  angles  to  the  lines  of  force.  The  cathode  particle  will  follow 
a  curved  path  just  as  a  moving  projectile  follows  a  curved  path 
when  acted  on  by  gravity.  Let  the  radius  of  curvature  of  this 
path  be  r.  The  deflecting  force  acting  along  this  radius  of  curva- 
ture is  proportional  to  the  magnetic  field,  the  charge  on  the  particle, 
and  its  velocity  and  is,  consequently,  equal  to  HeV  (see  §614). 
This  force  must  equal  the  centrifugal  force  of  the  particle  which, 
from  dynamics,  is  equal  to  mV*/r  (see  §§  33,  42).    Therefore, 

r 

r.Hr= (i) 

e 

H  can  be  measured  and  r  may  be  found  from  ah  and  the  dimen- 
sions of  the  apparatus.  Therefore  the  quantity  mV/e  is  known. 
Suppose  now  that  a  difference  of  potential  be  established  between 
the  plates;  an  electric  force  will  act  on  the  beam  of  rays  and  if  it 
is  applied  in  the  right  direction  it  will  tend  to  deflect  the  beam  in 
a  direction  opposite  to  the  magnetic  deflection.  Suppose  the  mag- 
netic and  electric  forces  be  adjusted  so  that  their  effects  on  the 
particles  exactly  balance  each  other,  then  the  phosphorescent  spot 
win  return  to  the  position  it  had  before  any  force  acted  on  it. 
Let  this  electric  field  be  X,  The  force  acting  on  the  partir  Ir 
then  be  Xe  and,  therefore,  if  the  electric  and  magnetic  forces 
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Xe=HeV 

-".  y=x/H  (2) 

X  and  H  can  both  be  measured  and,  dierefore,  V  may  be  deter- 
mined, and  knowing  V  Ibc  Tafaie  of  e/m  is  easily  found  from 
equation  (i). 

By  this  method  Thomson  fcrand  the  value  of  F  to  be  2.8  X  ^0* 
cms.  per  second,  which  is  jnst  about  one  tenth  the  velocity  of  light 
This  value  is  not  quite  constant  as  it  varies  somewhat  with  the 
potential  in  the  tube.  He  also  found  a  rough  value  for  e/m  the 
magnitude  of  which,  according  to  later  determinations,  is  1.7  X  io^» 
and  he  discovered  that  it  was  independent  of  the  nature  of  the  gas 
in  the  tube. 

The  greatest  value  of  e/m  known  in  electrolysis  is  found  in  the 
case  of  the  hydrogen  ion  and  is  about  io\  The  value  for  the 
cathode  ray  particle  is  thus  1700  times  that  for  the  hydrogen  ion. 
In  a  later  paragraph  (§  736)  the  charge  e  carried  by  the  cathode 
particle  will  be  determined  and  it  may  be  shown  to  be  the  same 
as  for  the  hydrogen  ion.  Consequently,  the  mass  of  the  cathode 
particle  must  be  about  1/1700  of  the  mass  of  the  hydrogen  ion  or 
atom.  This  cathode  particle  possesses  the  smallest  mass  yet  known, 
and  to  it  Professor  Thomson  has  given  the  name  of  negative 
"  corpuscle."  By  others  it  is  sometimes  called  an  "  electron,"  while 
the  term  negative  "  ion  "  is  also  applied  to  it 

725.  Lenard  Rays.  It  was  long  considered  impossible  for  cath- 
ode rays  to  penetrate  any  solid  material.  Hertz  was  the  first  to 
show  the  error  of  this,  and  later  Lenard  made  a  thorough  investi- 
gation of  the  question.  He  used  a  special  cathode  ray  tube,  the 
end  opposite  the  cathode  being  made  of  metal,  and  through  this 
a  small  hole  was  bored  and  covered  with  very  thin  aluminum  foil. 
When  the  rays  fell  upon  this  window  a  distinct  phosphorescence  was 
produced  just  outside  the  window.  If  the  air  outside  this  aluminum 
window  was  at  ordinary  pressure  the  rays  did  not  proceed  far 
being  soon  absorbed  by  the  air,  but  if  the  window  was  covered 
with  another  tube  from  which  the  air  could  be  exhausted,  the  rays 
formed  a  distinct  beam  in  the  gas  at  low  pressures  and  acted  in  all 
respects  exactly  like  cathode  rays.  Lenard  determined  the  value 
of  e/m  for  these  rays  and  found  it  to  be  the  same  as  for  cathode 
rays.    These  rays  are  \d^iv\\c^  v«V&i  \?r.^  cathode  rays,  but  to  dis- 
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"^fc  them  from  those  produced  inside  the  cathode  ray  tube 
^er-e  called  Lenard  rays. 

Canal  Bays.    Goldstein  in  working  with  a  highly  exhausted 

"^Dserved  that  if  he  used  a  perforated  cathode  instead  of  a 

■^i*ne   luminous   streams    emerged   through   the   holes  in   the 

L^a  in  the  direction  opposite  to  the  cathode  rays.    These  rays, 

have  been  called  canal  rays,  produce  phosphorescence  and 

*^  deflected  by  a  magnetic  or  electric  field.    The  direction  in 

they  are  deflected  shows  that  they  carry  a  positive  charge. 

ien  has  determined  the  value  of  c/m   for  these  positively 

^Sed  particles,  and  the  greatest  value  which  he  obtained  was 

Jl^wViich  is  the  same  as  the  value  of  e/m  for  the  hydrogen  atom 

«ctroIysis.     This  indicates  that  the  mass  of  these  positive  ions, 

"*^ey  are  called,  is  of  the  same  order  as  the  mass  of  the  hydrogen 


:^^  ^7.  Bontgen  K&jrs.    The  negatively  charged  cathode  ray  particles 

^^^"^eling   with    such   a   high    velocity    must   possess   considerable 

■■^^^Tgy.     J,  J,  Thomson  has  shown  mathematically  that  when  an 

,^  Metrically  charged  particle  is  suddenly  brought  to  rest  an  elec- 

-^^"Ptn agne tic  disturbance  is  produced  in  the  surrounding  medium 

^^tid   travels  outward   from  the  suddenly  arrested  particle.     This 

^^--Ondition    is    fulfilled   when    a  cathode    ray   panicle   is   suddenly 

^Sirought    to    rest    by    striking   against    any    solid    body.     In    1895 

"^Wntgen  observed  that  some  sort  of  radiation  was  produced  outside 

■^n  ordinary  cathode  ray  tube.     Phosphorescent  bodies  placed  near 

;  tube  were  strongly  affected  and  a  photographic  plate  in  the 

trig^hborhood  became  blackened.     These  radiations  have  been  called 

intgen  rays  after  their  discoverer.     The  name  first  applied  to 

n  was  X-rays  and  this  name  is  still  often  used. 

The  Rontgen  rays,  which  originate  at  the  point  where  the  calh- 

t  rays  strike  a  solid  body,  differ  from  cathode  rays  inasmuch 

they  are  able  to  penetrate  bodies  of  considerable   thickness. 

Iieir  penetrating  power,  as  well  as  some  of  their  other  properties, 

:pend  upon  the  conditions  existing  within  the  lube  from  which 

ley  originate.     With  a  very  low  pressure  within  the  tube  and, 

mseqtiently,  a  large  potential  difiference  between  the  electrodes, 

I  rays  produced  are  very  penetrating,  being  capable  of  going 

Sirongh  several  inches  of  wood  and  even  several  millimeters  of 

lead.     Such  rays  are  usually  called  "  hard  rays."     In  the  ca 
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a  higher  pressure  and  smaller  difference  of  potential  the  rays  are 
less  penetrating  and  are  called  "  soft  rays."  Different  substances 
absorb  the  rays  of  any  particular  type  to  a  different  degree. 
Generally  speaking  dense  substances  produce  greater  absorption. 
It  is  this  variation  in  the  absorptive  power  of  substances 
which  enables  us  to  make  Rontgen  ray  photographs.  Rontgen 
rays  act  upon  a  photographic  plate  in  a  manner  similar  to  ordi- 
nary light.  Thus  a  photograph  of  the  bones  of  any  portion  of 
the  human  body  may  be  obtained,  for  the  bones  being  denser  than 
the  flesh  absorb  the  rays  more  and,  consequently,  the  intensity 
of  the  rays  which  have  traversed  the  bones  is  less  than  the  in- 
tensity of  those  which  have  passed  through  only  the  flesh. 

The  Rontgen  rays  travel  in  straight  lines  with  very  high  ve- 
locity. Marx  has  shown  recently  that  they  travel  with  the  velocity 
of  light,  that  is,  3  X  lo**  cros.  per  sec  No  evidence  has  as  yet 
been  found  of  any  diffraction  of  the  rays  when  they  pass  from 
one  medium  to  another,  nor  has  it  so  far  been  possible  to  deflect 
the  rays  by  a  magnetic  field. 

728.  Focus  Tube.  With  a  view  to  giving  a  clear  idea  of  the  method  of 
producing  Rontgen  rays  we  will  briefly  describe  the  type  of  tube  commonlj 
used  to  generate  them.  There  are  various  modifications,  but  they  all  coo- 
form  to  the  same  general  principle  which  is  represented  diagrammatically  in 
its  simple  form  in  Fig.  504. 


L 


'r< 
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Fig.  504. 


AB  is  a  large  glass  bulb.  The  cathode  a  consists  of  a  concave  piece  of 
metal,  usually  aluminum.  The  cathode  rays  proceed  normally  from  the 
surface  of  a  and  on  account  of  its  concavity  are  brought  to  a  focus  at  the 
point  c.  The  anode  b  consists  in  its  simplest  form  of  a  flat  platinnm  plite 
which  is  placed  at  an  angle  of  45*^  to  the  axis  of  a  and  so  that  the  center 
of  a  is  at  the  point  c.  The  Rontgen  rays  travel  outwards  in  all  diree- 
tiona  from  b.    To  senetaXft  \!b!t  tvn^  tbi^  electrodes  are  cooneded  to  Ac 
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tenninaU    of   the   sccondAry    of   an    indtsction    coil    or   to    a   Wimshurst 


789.  CtondnctiYity  of  Oases  Produced  by  Rontgen  Bays.  Prob- 
Mj  the  most  striking  property  of  Rontgen  rays  is  their  power 
to  cause  gases  to  become  conductors  of  electricity.  If  a  well  insu- 
lated body,  such  as  the  leaves  of  a  gold  leaf  electroscope  E  (Fig. 
505),  be  charged  up  in  thoroughly  dry  air  the  charge  will  be  retained 
lor  many  hours.  If,  however,  a  beam  of  Rontgen  rays  pass  through 
the  gas  surrounding  the  leaves  they  will  immediately  lose  their 
charge  and  collapse,  showing  that  the  air  miist  have  become  con- 
ducting, allowing  the  charge  to  leak  away.  (In  the  electroscope 
shown  the  leaves  hang  from  a  bead  of  sulphur;  which  is  a  good 
insulator,  and  may  be  charged  through  the  bent  wire  shown.  For 
quantitative  work  the  leaves  are  observed  through  a  reading  tele- 
scope.) 

Instead  of  the  rays  falling  directly  upon  the  gas  surrounding 
the  leaves  of  the  electroscope  let  a  system  be  arranged  as  shown 
in  Fig.  505. 


Fig.  505. 


AB  is  a  metal  tube  through  which  a  stream  of  air  may  be  sent 
and  which  leads  into  an  electroscope  E.  If  the  Rontgen  rays 
fall  upon  the  air  in  the  part  ^C  no  effect  is  produced  in  the  elec- 
troscope as  long  as  there  is  no  stream  passing  through  the  tube, 
but  as  soon  as  a  stream  of  air  is  passed  through  the  tube 
into  E  the  leaves  lose  their  charge.  This  conducting  prop- 
erty imparted  to  the  air  by  the  rays,  therefore,  may  be 
transported  along  with  the  air.  If  a  plug  of  cotton  wool  be 
placed  in  the  tube  at  C,  or  if  the  air  be  bubbled  through  water, 
after  being  acted  upon  by  the  rays  this  conductivity  is  entirely 
destroyed.  If  an  insulated  wire  ab  be  introduced  in  the  center 
42 
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of  the  tube  CB  and  a  strong  electric  field  be  established  between 
the  wire  and  the  tube,  by  connecting  the  wire  to  one  pole  of  a 
battery  and  the  tube  to  the  other  pole,  the  air  loses  its  conductivity 
in  passing  through  the  tube. 

It  is  also  observed  that  this  conductivity  of  the  air  persists 
for  a  short  time  after  the  rays  have  ceased.  If  the  air  is  allowed 
to  remain  stationary  for  a  few  seconds  after  the  rays  have 
ceased  and  then  drawn  into  the  electroscope,  without  passing 
through  an  electric  field,  the  leaves  will  be  discharged. 

The  removal  of  this  conducting  power  from  the  gas  by  filter- 
ing it  through  cotton  wool  or  water  indicates  that  the  conduc- 
tivity must  be  due  to  something  mixed  with  the  air,  while  its 
removal  by  an  electric  field  shows  that,  whatever  it  may  be  that 
is  mixed  with  the  air,  it  must  carry  an  electric  charge. 

The  air  rendered  conducting  by  Rontgen  rays  discharges 
the  leaves  of  an  electroscope  with  equal  facility  whether  they  are 
charged  positively  or  negatively. 

Suppose  again  that  A  and  B,  Fig.  506,  are  two  parallel  metal 

A     B 


Eartk 


EarlK 


plates  placed  a  few  centimeters  apart  in  air  and  let  A  be  con- 
nected to  one  pole  of  a  battery  while  the  other  pole  is  connected 
to  earth;  let  B  be  connected  to  one  pair  of  quadrants  of  a  quad- 
rant electrometer  while  the  other  pair  of  quadrants  is  connected 
to  earth.  If  a  beam  of  Rontgen  rays  be  passed  between  these 
plates  it  will  be  observed  that  B  immediately  begins  to  receive 
a  charge,  as  indicated  by  the  deflection  of  the  electrometer  needle. 
It  will  continue  to  charge  up  as  long  as  the  rays  are  acting,  but 
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will  cease  if  the  rays  cease.  If  C,  is  the  positive  pole  of  the 
battery  then  B  will  receive  a  positive  charge,  but  if  the  poles  be 
reversed  B  will  receive  a  negative  charge.  The  rays  thus  ap- 
parently cause  a  transference  of  electricity  through  the  air  to  B 
and  the  sign  of  the  electric  charge  given  to  B  depends  upon  the 
sign  of  A. 

If   the   potential  difference   between  A   and  B  be  altered  the 


the  current 


charge  received  by  B  in  a  given  time  alters,  that  i 

between  A   and  B,  depends  upon 

the  voltage.     The  current  through 

the  gas  does  not,   however,   obey 

Ohm's    Law,    for    if    the    current 

corresponding  to  different  voltages 

be  measured  and  a  curve  plotted 

showing  the  relation  between  cur-  — 

rent   and   vohage,   it   will   assume  F,g   jo,' 

the  form  shown  in  Fig.  507  in- 
stead of  being  a  straight  line.  It  will  be  seen  that  for  small  volt- 
ages the  current  obeys  Ohm's  Law,  but  it  soon  begins  \o  fall  off 
and  finally  reaches  a  constant  value  even  for  a  large  increase  in 
voltage.  This  characteristic  curve  has  been  called  a  satnration 
ciUTfl  on  account  of  its  similarity  in  form  to  the  saturation  curve 
in  the  magnetization  of  iron.  The  current  corresponding  to  the 
flat  part  of  the  curve  is  called  the  saturation  current. 

The  current  through  a  gas  differs  very  markedly  in  another 
respect  from  the  current  through  tnetals  or  liquids.  When  the 
distance  between  two  electrodes  immersed  in  a  liquid  is  increased 
the  current  decreases  on  account  of  the  increase  of  resistance 
between  the  electrodes,  but  in  the  case  of  a  gas  the  saturation 
current  increases  when  the  distance  between  the  plates  is  in- 
creased. Within  certain  distances  the  saturation  current  is  pro- 
portional to  the  distance  between  the  plates. 

730.  Theory  of  Ionization.  These  along  with  other  properties 
of  a  gas  rendered  conducting  by  Rontgen  rays  led  J.  J.  Thomson 
and  E.  Rutherford  in  1896  to  formulate  the  tonisalton  theory  of 
gases,  which  has  now  become  iirmly  established  by  experiment. 
According  to  this  theory  the  Rontgen  rays,  when  they  pass 
through  a  gas,  cause  the  molecules  of  the  gas  to  be  broken  up 


into    positively    and    negatively    charged 


of    electricity 
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called  ions.  This  process  of  breaking  up  the  molectile  is  called 
ionization  and  the  gas  is  said  to  be  ionized.  From  each  moleciile 
ionized  two  ions,  having  equal  charges  but  of  opposite  sign,  are 
produced.  The  transference  of  electricity  through  the  gas  is 
due  to  the  movement  of  these  charged  carriers  under  the  in- 
fluence of  an  electric  field.  The  positive  ions  are  attracted 
to  the  negative  electrode  and  the  negative  ions  to  the  positive 
electrode,  and  the  movement  of  these  electric  charges  constitutes 
a  current.  When  the  gas  is  passed  through  the  tube  with  a  central 
wire,  between  which  there  is  an  electric  field,  the  positive  and  nega- 
tive ions  are  attracted  to  the  negative  and  positive  electrodes  re- 
spectively and  thus  removed.  When  the  gas  is  passed  through 
cotton  wool  the  ions  are  caught  by  the  wool. 

If  a  positive  and  negative  ion  come  near  enough  to  each  other 
they  combine  by  attraction  and  are  neutralized  by  their  union. 
Thus  ions  recombine  and,  as  far  as  their  electrical  effects  are  con- 
cerned, disappear. 

This  theory  also  explains  the  saturation  curve  for  a  current 
between  two  plates.  The  greater  the  potential  difference  between 
the  plates  the  greater  the  force  pulling  the  ions  out  of  the  gas, 
and,  consequently,  the  faster  they  will  move  towards  the  plates. 
The  quicker  they  move  the  less  chance  there  will  be  of  their 
recombining,  therefore,  a  greater  number  of  ions  would  actually 
reach  the  plates  per  second:  this  number  would  be  proportional 
to  the  voltage.  The  current,  which  is  the  quantity  of  electricity 
transferred  to  the  plates  per  second,  must  be  proportional  to  the 
number  of  ions  reaching  the  plates  in  that  time  and,  therefore, 
to  the  potential  difference  provided  this  is  not  too  high.  But 
when  the  voltage  reaches  a  certain  value  the  ions  move  so  fast 
that  they  practically  all  reach  the  plates  before  they  have  time 
to  fecombine,  and  the  current  could  not  be  increased  further  even 
by  a  higher  voltage,  as  the  number  of  ions  removed  could  not  be 
augmented. 

The  increase  of  current  between  two  plates  when  the  distance 
between  them  is  lengthened  is  also  easily  explained  by  this  theory. 
When  the  plates  are  placed  farther  apart  the  volume  of  gas 
acted  on  by  the  rays  is  increased  and,  consequently,  the  number 
of  ions  produced  grows  greater  in  the  same  proportion,  and  a 
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iater  number  will  reach  the  plates  per  second  and  the  maximum 

rrcnt  be  raised. 

731.  Effect  of  Conditions  on  Ionization.  The  amount  of  ioniza- 
tion produced  in  a  gas  is  dependent  in  a  marked  degree  upon 
existing  conditions.  The  nature  and  quality  of  the  ionizing  rays 
determine  the  number  of  ions  produced  in  any  given  gas.  Cathode 
and  Rontgen  rays,  for  instance,  differ  in  ionizing  power  and  even 
Ronlgen  rays  differ  among  themselves  in  this  respect.  Penetra- 
ting rays  of  any  type  are  usually  less  powerful  ionizers  than  those 
less  penetrating. 

For  a  constant  ionizing  source  the  number  of  ions  produced  in 
a  given  volume  of  gas  is  found  experimentally  to  be  directly  pro- 
portional to  the  pressure.  The  number  of  molecules  is  also 
proportional  to  the  pressure  and,  consequently,  with  increase  of 
pressure  there  are  more  molecules  to  be  ionized. 

Temperature  on  the  other  hand  has,  as  far  as  is  known,  no 
effect  on  ionization,  if  the  density  of  the  gas  is  kept  constant 
This  question  has  been  investigated  by  McClung  over  a  con- 
siderable range  of  temperature  for  the  ionization  produced  by 
X-rays,  and  no  effect  has  been  observed. 

The  ionization  is  also  dependent  upon  the  nature  of  the  gas. 
Heavy  gases  absorb  the  various  types  of  radiations  more  than 
do  the  lighter  gases  and  the  greater  the  absorption  the  greater 
the  ionization.  In  the  case  of  some  types  of  rays,  such  as  the 
y  rays  of  radium,  the  ionization  is  approximately  proportional  to 
the  density  of  the  gas,  but  in  the  case  of  some  of  the  less  pene- 
trating types  of  rays  wide  departures  from  this  taw  occur. 

732.  Siffnaion  of  Ions.  The  ions  of  an  ionisicd  gas  are  in 
motion  and  if  there  is  an  excess  of  ions  in  one  part  of  the  gas 
they  will  diffuse  to  the  other  part.  If  the  ionized  gas  is  in  an 
enclosed  vessel  the  ions  will  diffuse  to  the  sides  of  the  vessel  and 
disappear  from  the  gas.  Sometimes,  in  a  very  confined  space, 
the  loss  of  ions  by  diffusion  is  even  more  important  than  the  loss 
by  recombination. 

TawQsend  found  thai  the  rale  of  difTusion  depended  upon  the  nature  of 
the  gas,  as  was  to  be  expected.  The  diffusion  of  Ihe  ions  Ibrough  the 
hovy  gases  is  slower  than  through  the  lighter  gases.  He  also  found  (hat 
ia  di7  guci  the  negative  ion  always  difiuied  faster  than  tbe  p<witi*^  bat 
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if  the  gas  contained  considerable  moistore  the  rates  of  diffosion  of  the 
positive  and  negative  ions  are  much  more  nearly  equaL  This  unequal 
di£hi8ion  of  the  ions  of  opposite  sign  explains  the  phenomenon  which  is  so 
often  observed,  that  if  an  ionized  gas  containing  equal  numbers  of  positive 
and  negative  ions  is  passed  through  a  metal  tube  it  emerges  positively 
charged.  The  negative  ions  diffusing  faster  to  the  sides  of  the  tube  than 
the  positive  ions,  more  of  them  are  eliminated  and  hence  the  gas  emerges 
with  an  excess  of  positive  electricity. 

The  rate  at  which  ions  diffuse  through  gases  is  much  slower  than  the 
rate  of  interdiffusion  of  ordinary  gases.  For  instance,  the  rate  for  air  and 
carbon  dioxide  is  over  five  times  as  great  as  for  the  positive  ion  to  diffuse 
through  moist  carbon  dioxide.  Heavy  gases  diffuse  slower  than  light  gases. 
The  natural  conclusion  is  that  the  mass  of  the  ion  in  carbon  dioxide  is 
large  compared  with  the  mass  of  the  molecule. 

These  facts  have  led  to  the  theory  that  both  the  positive  and  negatife 
ions,  at  ordinary  pressures,  consist  of  a  cluster  of  molecules  surrounding 
a   charged  nucleus.    Ionization   is   considered   to   consist   in   separating  s 
negative  electron  from  the  neutral  molecule  and  then  the  electron  becomes 
loaded  with  a  cluster  of  molecules  and  forms  the  negative  ion  under  ordi- 
nary  conditions.    The  positive  ion  consists  to  begin  with  of  the  molecole 
deprived  of  the  electron  and  then  a  cluster  of  molecules  is  formed  about 
this  positively  charged  center.    This  theory  accounts  for  the  fact  that  the 
positive  and  negative  ions  diffuse  more  nearly  at  the  same  rate  in  moist 
than  in  dry  gases,  for  in  dry  gases  the  negative  ion  is  smaller,  but  in  a 
moist  gas  it  becomes  more  loaded  up  with  moisture  than  the  positive  ion 
and  its  rate  of  diffusion  decreases  more  rapidly.    This  theory  is  supported 
by  the  fact  that  as  the  pressure  of  the  gas  is  lowered  the  coefficient  of 
diffusion  of  the  negative  ion  increases  faster  than  that  of  the  positive.    It 
has  been  shown  by  J.  J.  Thomson  and  by  Townsend  that  at  low  pressures 
the  negative  ion  is  the  same  as  the  electron.    These   facts  point  to  the 
conclusion  that  the  negative  ion  at  low  pressures  loses  the  cluster  of  mole- 
cules surrounding  the  electron. 

733.  Mobility  of  Ions.  When  an  electric  field  is  applied  to  an 
ionized  gas  the  ions  move  under  the  influence  of  the  field  It 
is  of  importance  to  consider  the  velocity  with  which  they  move. 
The  velocity  of  the  ions  under  a  potential  gradient  of  one  volt 
per  cm.  is  generally  termed  the  mobility  of  the  ions.  The  first 
experimental  determination  of  this  velocity  was  made  by  Ruther- 
ford. Later  Zeleny  made  a  series  of  very  careful  determinations 
of  velocities  and  was  the  first  to  show  that  they  were  not  the 
same  for  the  positive  and  negative  ions.    He  demonstrated  that  in 
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any  given  g:as  the  velocity  of  the  negative  ion  is  always  greater 
than  that  of  the  positive.  He  also  determined  the  absolute  values 
of  the  velocities  of  both  ions  under  different  conditions. 

The  mobility  of  ions  depends  upon  the  gas  in  which  they  are 
produced,  being  greater  in  light  than  in  heavy  gases.  In  dry  air, 
for  example,  the  velocities  of  the  positive  and  negative  ions 
respectively  are  1.36  and  1.87  cms.  per  sec.  for  a  potential  gradient 
o£  I  volt  per  cm.,  while  in  hydrogen  the  corresponding  values  arc 
6.70  and  7.95  cms.  per  sec. 

734.  loniaation  by  CoUision.  Townsend  has  shown  that  in  a 
gas  at  low  pressures,  in  the  neighborhood  of  i  mm.  of  mercury,  a  new 
phenomenon  appears  and  the 
corresponding  curve  for  curreni 
and  voltage  assumes  the  form 
shown  in  Fig.  508.  For  low  volt- 
ages the  part  of  the  curve  up 
to  a  point  A  is  of  the  same  form 
as  the  saturation  curve  at  atmos-  J 
pheric  pressure,  but  when  the  J 
voltage  is  increased  beyond  a 
certain  amount  the  current  be- 
gins to  increase  again,  at  first 
slowly  and  then  very  rapidly. 
The  increase  of  current  beyond  ^'°*  ^°'- 

the  point  A  must  be  caused  by  an  increase  in  the  number  of  ions 
due  to  some  cause  other  than  the  original  ionizing  agency.  This 
larger  number  of  ions  has  been  explained  by  the  theory  that  if 
an  ion  is  moving  with  sufScient  velocity  it  will  produce  more  ions 
by  collision  with  the  molecules  of  the  gas.  The  cathode  ray 
particle,  or  electron,  is  capable  of  producing  ions  when  moving 
rapidly  through  the  gas,  for  if  the  cathode  ray  stream  be  allowed 
to  pass  between  two  electrodes  an  ionization  current  may  be 
observed.  To  ionize  a  molecule  a  certain  amount  of  energy  is 
required.  A  moving  ion  possesses  kinetic  energy  and  if  its 
velocity  is  great  enough  it  will  possess  sufficient  energy  lo  ionize 
a  molecule  wilh  which  it  may  collide.  The  kinetic  energy  depends 
upon  the  velocity  and  this,  in  turn,  depends  upon  the  electric  6eld 
and  upon  the  opportunity  the  ion  has  of  acquiring  speed  am 
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the  molecules  of  the  gas.  At  atmospheric  pressure  the  mole- 
cules are  so  close  together  that  the  ion  is  not  able,  between 
two  collisions,  to  acquire  sufficient  velocity  in  ordinary  electric  fields 
to  ionize  a  molecule,  but  at  low  pressures  &e  molecules  are  so 
few  in  number  and  so  far  apart  that  the  ion  may  acquire  suffi- 
cient speed  between  collisions  to  ionize  any  molecule  which  it 
strikes.  This  production  of  ions  by  collision  is  only  observed  for 
ordinary  electric  fields  at  pressures  below  about  30  mm. 

The  above  theory  of  ionization  by  collision  furnishes  a  very 
satisfactory  explanation  of  the  electric  spark  through  a  gas  at 
atmospheric  pressure.  There  are  always  in  gases  a  few  ions 
which  can  be  detected  only  by  sensitive  instruments.  If  a  volt- 
age high  enough  to  produce  a  spark  is  established  between  two 
points,  the  few  ions  naturally  present  in  the  field  will  acquire  a 
velocity  sufficient  to  ionize  any  molecules  against  which  they 
strike;  these  new  ions  will  in  turn  produce  more  ions,  and  so  the 
number  will  increase  very  rapidly  until  there  are  enough  to  carry 
a  current,  and  this  current  is  the  electric  spark. 

735.  Condensation  of  Water-vapor  by  Ions.  It  was  known  for 
some  years  that  if  dust  particles  were  present  in  a  damp  gas  the 
water  vapor  would  condense  around  these  nuclei  when  a  sudden 
expansion  of  the  gas  took  place.  After  the  discovery  of  Rontgen 
rays,  Richarz  showed  that  if  a  beam  of  X-rays  were  allowed  to 
fall  upon  a  steam  jet,  condensation  took  place.  Some  maintained 
that  this  effect  was  due  to  dust,  but  Richarz  attributed  it  to  the 
presence  of  ions.  In  1897  and  later  C.  T.  R.  Wilson  made  a  very 
valuable  series  of  experiments  on  this  question  and  proved  that 
ions  do  act  as  nuclei  on  which  water  vapor  condenses  when  moist 
air  is  suddenly  cooled  by  expansion. 

Wilson  also  demonstrated  that  water  vapor  condenses  more 
easily  around  the  negative  ions  than  around  the  positive  ones. 
This  is  a  confirmation  of  the  theory  that  the  cause  of  the  greater 
diminution  of  the  velocity  and  rate  of  diffusion  of  the  negative 
ion  in  moist  gases  is  due  to  the  negative  ion  becoming  more  easily 
loaded  with  moisture  than  the  positive  ion. 

736.  Charge  Carried  by  an  Ion.  This  property  of  ions  to  act 
as  condensation  nuclei  has  been  utilized  by  J.  J.  Thomson  to  de- 
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lermine  the  absolute  value  of  the  charge  carried  by  an  ion.     When 
an  expansion  takes  place  in  ionized  air  water  drops  fonn 
the  ions  and  fall  under  the  action  of  gravity.     Sir  George  Stokes 
has  shown  that  a  drop  of  water  of  radius,  r,  falls  through  a  gas 
of  viscosity,  n,  wilh  the  velocity,  v,  given  by  the  equation 


where  g  is  the  acceleration  of  gravity.  The  velocity,  v,  can  be 
measured  by  observing  the  rate  at  which  the  cloud  falls  under  the 
action  of  gravity,  and  since  g  and  fi  are  known  r  may  be  deter- 
mined. If  m  is  the  mass  of  water  deposited  and  n  the  number  of 
drops  per  c.c.  then  m  =  MXi»*'.  since  the  density  of  water  is 
unity.  The  amount  of  water  vapor  deposited  when  a  known  expan- 
sion occurs  can  be  easily  calculated  and,  therefore,  m  may  be  deter- 
mined. Knowing  w  and  r  the  number  of  drops,  n,  which  is  the 
same  as  the  number  of  ions,  is  easily  calculated. 

If  all  the  ions  present  be  extracted  by  an  electric  Geld  between 
two  electrodes  in  the  usual  way,  the  tgtal  charge  carried  by  all 
the  ions  can  be  measured.  Knowing,  therefore,  the  number  of 
ions  and  the  total  charge  on  them  the  charge  carried  by  each 
one  is  determined. 

By  the  latest  determination  which  Professor  Thomson  has  made 
be  showed  that 

'  =  34 X  'O""  electrostatic  units. 
He  has  also  shown  that  the  charge  carried  by  the  ions  in  hydrogen 
and  oxygen  has  the  same  value  and  that  it  does  not  depend  upon 
the  source  from  which  the  ions  are  produced.  These  results  seem 
to  indicate  that  the  charge  carried  by  a  gaseous  ion  is  the  same 
under  al!  circumstances,  and  it  appears  that  it  might  be  taken  as 
an  invariable  unit  of  electricity. 

737.  Ionization  by  Ultra-violet  Light.  If  ultra-violet  light  rays 
fall  upon  the  clean  surface  of  a  plate  of  zinc  which  is  negatively 
charged  the  plate  will  lose  its  charge,  while  if  the  plate  be  un- 
charged to  begin  with  it  will  acquire  a  positive  charge.  If  the 
plate  is  positively  charged  to  begin  with  no  loss  of  charge  takes 
place.  These  effects,  which  are  called  photo-electric  effects,  have 
been  shown  to  be  due  to  the  liberation  of  negative  corpuscles,  or 
electrons,  from  the  metal  by  the  action  of  the  ultra-violet  light 
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This  photo-electric  effect  may  be  produced  by  allowing  ultra- 
violet light  to  fall  upon  other  metals  besides  zinc,  such  as  sodium, 
potassium,  lithium,  etc.  For  this  purpose  the  ultra-violet  light  may 
be  obtained  from  an  ordinary  arc  lamp,  or  from  the  spark  of  an 
induction  coil  between  zinc,  cadmium  or  iron  terminals. 

738.  Ionization  by  Hot  Metals.     If  a  metal  electrode  be  placed 
near  to  a  metal  wire  and  the  latter  be  then  heated  until  it  begins 
to  glow,  a  current  through  the  gas  will  be  produced  and  the  elec- 
trode will  receive  a  charge.    The  charge  received  by  the  electrode 
and  the  current  depend  upon   several   conditions.     Temperature 
is  an  important  factor.    A  platinum  wire  heated  to  redness  will 
under  some  conditions  give  a  positive  charge  to  the  other  electrode, 
but  if  heated  to  white  heat  the  charge  is  negative.     The  charge 
is  also  influenced  by  the  pressure  of  the  gas.    Metals  and  carbon 
heated  to  incandescence  in  high  vacua  give  off  negatively  charged 
carriers.    The  ratio  of  the  charge  to  the  mass  of  these  carriers  has 
been  shown  to  be  the  same  as  for  the  cathode  ray  particles  and  the 
electron   liberated   by  ultra-violet   light   at   low   pressures.    This 
along  with  other  considerations  has  led  to  the  theory  that  these 
negative    corpuscles   are   distributed   throughout    the    volume   of 
metals  at  all  temperatures,  but  when  the  metals  are  heated  to  in- 
candescence the  corpuscles  then  acquire  sufficient  energy  to  escape 
into  the  surrounding  space. 

739.  Ionization  by  Flames.  Gases  around  flames  contain  ions 
and  conduct  electricity.  If  two  electrodes  are  placed  some  distance 
apart  in  an  ordinary  Bunsen  flame  quite  an  appreciable  current 
is  observed  which  may  be  measured  by  a  galvanometer.  If  the 
air  surrounding  such  a  flame  be  drawn  away  from  the  flame  it  is 
found  to  be  still  a  conductor.  The  ions  which  have  been  produced 
in  the  gas  by  the  flame  appear  to  be  much  larger  than  those  pro- 
duced in  other  ways,  for  their  velocity  has  been  measured  and 
found  to  be  much  less  than  that  of  other  ions.  It  is  due  to  this 
conducting  power  of  flames  that  when  an  insulator  has  received 
an  electrostatic  charge  it  may  be  discharged  by  simply  passing  a 
Bunsen  flame  over  it. 

RADIO-ACTIVITY. 

740.  Discovery  of  Badio-Activity.  Becquerel  in  1896  found 
that  the  double  sulphate  of  uranium  and  potassium  emitted  a 
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radiation  which  produced  an  effect  upon  a  photographic  plate 
similar  to  that  of  X-rays.  He  later  examined  other  compounds 
of  uranium  as  well  as  the  element  itself  and  found  that  they  all 
possessed  this  power.  The  extent  of  the  action  on  the  plate  does 
not  depend  upon  the  particular  compound  in  which  the  uranium 
occurs,  but  entirely  upon  the  amount  of  uranium  present  in  the 
compound. 

Becquerel  and  other  experimenters  showed  that  these  radiations 
from  uranium  were  capable  of  discharging  electrified  bodies  and 
later  Rutherford  showed  that  this  power  of  discharging  electri- 
fied bodies  was  due  to  the  production  by  these  rays  of  iops  in 
the  gas,  similar  to  the  ions  produced  by  Rontgen  rays. 

If  the  rays  from  uranium  or  one  of  its  compounds  be  allowed 
to  pass  between  two  parallel  plates,  between  which  there  is  a 
difference  of  potential,  a  current  will  pass  through  the  air  just 
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as  in  the  case  of  a  gas  ionized  by  Rontgen  rays.  The  current 
may  be  measured  in  a  manner  similar  to  that  described  in  the 
previous  chapter  on  ionization.  The  method  may  be  represented 
diagrammatically  in  Fig.  509. 

A  and  B  are  two  insulated  metal  plates.  The  upper  plate  A 
is  connected  to  one  pair  of  quadrants  of  an  electrometer,  the  other 
pair  being  to  earth.  If  a  layer  of  one  of  the  compounds  of  ura- 
nium be  sprinkled  on  the  plate  B,  as  indicated,  an  ionization  cur- 
rent will  be  produced  between  A  and  B, 

The  results  obtained  by  observations  on  uranium  and  its  com- 
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pounds  indicate  that  this  power  of  radiation  belongs  to  die  uranimn 
itself  and  not  to  the  substances  with  which  it  is  associated,  and 
that  the  radiations  are  emitted  spontaneously  without  the  aid  of 
any  outside  agency.  It  has  been  shown  that  this  property  does 
not  deteriorate  with  time.  Uranium  as  well  as  other  bodies,  which 
we  shall  see  later  possess  similar  properties,  are  called  radio-actwi 
bodies. 

741.  Other  Badio-ActiTe  SubeUnoes.  The  discovery  of  the 
radio-active  property  of  uranium  led  to  the  examination  of  other 
substances.  Schmidt,  and  independently  Mme.  Curie,  discovered 
that*  the  element  thorium  and  its  compounds  possess  radio-active 
properties.  The  photographic  action  of  thorimn  was  found  to  be 
distinctly  weaker  than  that  of  uranium,  while  the  ionizing  action 
was  about  equal  to  that  of  uranium,  but  was  very  irregular.  The 
cause  of  this  irregularity  will  be  discussed  later.  A  very  syste- 
matic examination  of  a  large  number  of  minerals  containing 
uranium  and  thorium  was  then  undertaken.  Using  the  electrical 
method  Mme.  Curie  measured  the  current  produced  between  two 
plates  by  a  given  amount  of  each  of  the  minerals.  The  results 
showed  that  all  these  minerals  containing  uranium  or  thorium  were 
radio-active,  but  the  important  point  observed  was  that  several 
specimens  of  pitchblende,  as  well  as  some  other  minerals,  were 
several  times  more  active  than  uranium  itself.  It  was  at  first 
thought  that  this  abnormal  activity  of  some  of  the  minerals  might 
be  due  to  the  particular  chemical  combination  in  which  the  ura- 
nium existed,  but  this  was  disproved  by  preparing  one  of  the  com- 
ponds  artificially,  and  it  was  found  to  possess  only  the  normal 
amount  of  activity  which  would  be  expected  from  the  amount 
of  uranium  it  contained.  This  led  to  the  conclusion  that  there 
must  be  some  other  and  more  active  substance  in  pitchblende.  M. 
and  Mme.  Curie  then  investigated  this  question  chemically  and 
discovered  two  new  active  bodies. 

The  first  of  these  substances  to  be  separated  by  purely  chemical 
means  was  found  to  be  very  much  more  active  than  uranium  and 
it  was  given  the  name  polonium  in  honor  of  Mme.  Curie's  native 
country.  Polonium  differs  from  uranium  in  the  essential  par- 
ticular that  its  activity  is  not  constant  but  gradually  dies  away 
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with  time.  In  some  cases  it  was  found  that  at  the  end  of  about 
sax  months  after  preparation  the  activity  had  fallen  to  half  its 
ori^nal  value. 

The  other  active  substance  discovered  in  pitchblende  was  found 
to  be  enormously  more  active  than  uranium.  In  its  pure  state  it 
is  about  a  million  times  more  active,  and  it  was  called  radium  by 
the  discoverers.  Radium  is  probably  the  most  remarkable  and 
interesting  of  all  the  radio-active  substances,  and  by  the  study 
of  its  properties  an  enormous  amount  of  information  has  been 
obtained  in  regard  to  the  most  remarkable  processes  going  on  in 
nature  in  connection  with  these  radio-active  bodies.  The  quantity 
of  radium  existing  in  pitchblende  is  almost  infinitesimal,  about 
a  ton  of  pitchblende  containing  only  a  few  milligrams  of  pure 
radium.  Radium  is  found  in  varying  quantities  in  a  number  of 
minerals  and  in  various  parts  of  the  world,  but  the  chief  source 
at  present  known  is  in  the  pitchblende  found  in  Bohemia. 

In  practice  radium  is  not  separated  from  its  compound  but  is 
usually  employed  in  the  form  of  the  bromide,  and  what  is  often 
called  "  pure  radium  "  is  really  "  pure  radium  bromide."  It  also 
forms  other  compounds,  such  as  the  chloride,  sulphate,  etc.,  and 
these  salts  are  all  naturally  phosphorescent  and  their  radiations 
produce  phosphorescence  in  various  substances  such  as  platino- 
barium  cyanide,  willcmite,  etc. 

Debierne,  in  analyzing  residues  from  pitchblende,  discovered 
a  Very  active  substance  which  he  called  actinium.  The  properties 
of  actinium  are  very  similar  to  those  of  thorium,  hut  the  former 
is  very  many  times  more  active  than  the  latter.  Actinium  besides 
being  strongly  radio-active  is  capable,  like  radium,  of  producing 
phosphorescence  in  such  substances  as  zinc  sulphide,  willemite, 
etc. 

742.  Three  TypeB  of  Rays.  In  the  early  examination  of  the 
.,     radiations  from  uranium  Rutherford  showed  that  the  rays  emitted 

■  were  of  a  complex  nature.  He  found  at  first  that  there  were 
:two  distinct  types  of  rays,  one  type  which  were  easily  absorbed 
by  solid  bodies,  and  a  second  type  which  were  more  penetrating 
and,  besides,  could  be  easily  deflected  from  their  path  by  a  mag- 
netic field.  The  former  he  called  a  rays  and  the  latter  B  rays. 
Later  it  was  shown  that  there  was  still  a  third  type  emitted  which 
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were  extremely  penetrating  and  could  not  be  deflected  by  a  mag- 
netic field.  These  were  called  y  rays.  The  four  radio-active 
substances  uranium,  thorium,  radium  and  actinium,  under  normal 
conditions,  give  out  these  three  types  of  rays.  Polonium,  how- 
ever, emits  only  a  rays. 

743.  General  Properties  of  Bays  Emitted  by  Badio-ActiT«  Boditf. 
In  general,  the  rays  which  produce  the  greatest  photographic 
action  produce  the  least  ionization.  Also,  the  more  penetrating 
the  rays  the  less  efficient  are  they  as  ionizers.  The  a  rays  are 
very  easily  absorbed,  being  entirely  absorbed  by  a  sheet  of  alu- 
minum of  O.I  mm.  in  thickness.  A  thickness  of  about  s  mm. 
of  aluminum  is  capable  of  absorbing  most  of  the  p  rays,  but  a 
very  great  thickness  of  metal  is  required  to  absorb  the  y  rays,  as 
they  will  pass  through  several  centimeters  of  lead. 

The  a  rays  are  the  most  efficient  ionizers.  When  the  three 
types  of  rays  are  acting  simultaneously  on  a  gas  by  far  the 
greater  part  of  the  ionization  is  produced  by  the  a  rays.  The 
P  rays  produce  more  ionization  than  the  y  rays. 

On  the  other  hand,  the  p  rays  are  much  more  active  in  their 
action  on  a  photographic  plate  than  are  the  a  rays.  The  photo- 
graphic action  of  the  y  rays  is  very  small;  in  fact,  in  the  case 
of  uranium  and  thorium  no  photographic  action  of  the  y  rays  has 
as  yet  been  detected.  In  making  experiments  with  these  radia- 
tions this  difference  between  the  ionizing  and  photographic  prop- 
erties of  the  a  and  p  rays  especially,  must  be  carefully  taken  into 
account,  for  otherwise  contradictory  results  are  apt  to  be  obtained. 
Take  a  case  when  only  one  kind  of  rays  is  present,  such  as  the 
a  rays  for  instance.  If  the  electrical  or  ionization  method  is  used 
quite  a  large  effect  may  be  observed,  while  if  the  photographic 
method  is  employed  the  effect  may  be  very  small  or  may  even 
not  be  detected  at  all. 

The  p  rays  are  very  easily  deflected  by  a  magnetic  or  electric 
field,  but  it  is  very  difficult  to  bend  the  a  rays,  while  a  magnetic 
or  electric  field  has  no  effect  whatever  upon  the  y  rays.  The  fact 
that  the  a  and  p  rays  are  thus  deviated  shows  that  they  must  carry 
an  electric  charge.  The  a  and  p  rays  are  bent  in  opposite  direc- 
tions by  the  same  field  and,  consequently,  they  must  be  oppositely 
charged.  The  direction  in  which  they  are  bent  shows  that  the 
a  rays  are  positively  and  the  p  rays  negatively  charged. 
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744.  The  /9  Raya.  It  was  observed  in  1899  and  later  by  several 
experimenters  that  some  of  tbe  rays  emitted  by  radium  compounds 
were  easily  deflected  by  a  magnetic  field,  while  the  other  rays 
were  apparently  not  deviable.  The  dcviable  rays  were  shown  to 
be  the  same  as  the  ^  rays  of  uranium,  which  were  also  shown 
later  to  be  deviable  by  a  magnetic  field.  Becquerel,  using  the 
photographic  method,  showed  that  the  j8  rays  of  radium  behaved 
in  every  respect  like  cathode  rays.  They,  consequently,  must  be 
negatively  charged  particles  moving  with  high  velocity. 

The  fact  that  the  {i  rays  carry  a  negative  charge  has  been 
proven  by  M.  and  Mme.  Curie,  They  enclosed  a  metal  plate  in  a 
solid  insulator  to  prevent  loss  of  charge  by  conduction  through 
the  gas.  They  allowed  the  p  rays  to  pass  through  the  insulator 
and  fal!  upon  the  metal  plate  which  was  connected  to  an  electrom- 
eter. When  the  j3  rays  fell  upon  this  plate  it  received  a  nega- 
tive charge. 

Since  the  ^  rays  are  negatively  charged  particles  their  devia- 
bility  by  a  magnetic  and  electric  field  naturally  follows.  Becquerel 
has  made  use  of  this  deviability  to  determine  their  velocity  and 
the  ratio  of  the  charge  to  the  mass.  By  allowing  a  narrow  beam 
of  the  rays  to  pass  between  two  parallel  plates,  between  which 
there  is  a  large  diflference  of  potential,  or  between  the  poles  of 
a  magnet,  the  deviation  produced  by  the  magnetic  or  electric  field 
may  be  measured  by  observing  the  movement  of  the  impression 
on  a  photographic  plate.  Combining  these  two  deflections,  in  a 
manner  somewhat  similar  in  principle  to  that  used  in  the  case  of 
the  cathode  rays  described  in  the  preceding  chapter,  Becquerel 
determined  the  velocity  and  the  ratio  of  e/tn  for  the  ^  rays.  He 
found  the  velocity  to  be  about  1.6  Xio"  cms.  per  second.  The 
velocity  of  cathode  rays  we  have  seen  is  about  2.8  X  'o*  cms,  per 
second,  so  the  velocity  of  the  ^  rays  is  considerably  greater  than 
that  of  the  cathode  rays.    Using  the  same  rays  he  found  the  value 

tfor  e/m  which  does  not  differ  much  from  the  value  found  by 
J.  J.  Thomson  for  the  cathode  rays.  Becquerel  observed,  how 
ever,  that  the  rays  did  not  all  have  the  same  velocity  as  some  were 
bent  more  than  others.  He  showed  that  the  velocities  varied  from 
about  6X10'  to  2.8X10"  cms,  per  sec,  the  latter  approach! 
very  nearly  the  velocity  of  light  which  is  3  X  ">"  cms.  per  sec. 


'•        i 


6S4 


RADIO-ACTIVITY. 


The  p  rays  from  radium  appear,  therefore,  to  be  cmnpleac,  being 
a  mixture  of  rays  of  the  same  nature  but  travelling  with  different 
speeds.  The  p  rays  from  uranium  differ  from  those  of  radium 
in  this  respect  for  the  former  appear  to  be  homogeneous. 

This  complexity  of  the  rays  with  regard  to  velocity  led  Kauf- 
mann  to  examine  whether  the  value  of  e/tn  for  these  rays  varied 
with  the  speed.  He  showed  that  e/m  decreased  when  the  speed 
increased.  Assuming  that  the  charge  on  the  p  ray  particle  is 
constant  the  mass  of  the  particle  appears  to  increase  with  in- 
crease of  velocity. 

Several  mathematical  physicists  have*  worked  out  from  purely 
theoretical  considerations  that  the  apparent  mass  of  a  moving 
electron  is  due,  either  wholly  or  in  part,  to  the  electric  charge 
in  motiota,  that  is  when  an  electric  charge  is  moving  it  appears 
to  possess  what  corresponds  to  inertia,  due  to  the  fact  of  its 
being  in  motion.  This  apparent  inertia  according  to  this  view  is 
not  due  to  material  mass  as  we  are  accustomed  to  conceive  of 
it,  but  is  a  result  of  the  motion  of  the  electric  charge.  These 
theoretical  considerations  further  show  that  this  apparent  mass, 
which  seems  to  be  electrical  in  origin,  increases  with  the  speed 
of  the  moving  charge.  The  experimental  results  of  Kaufmann 
seem  to  confirm  the  theoretical  view  that  the  mass  of  the  electron 
is  due,  wholly  or  in  part,  to  the  fact  that  the  electric  charge  is 
in  motion. 
745.  Magnetic  and  Electric  Deviation  of  a. Rays.     The  a  rays 

were  early  distinguished  from 
.Wy</r»gtn  the  p  rays  by  the  fact  that 
they  were  much  less  penetrating 
than  the  p  rays  and  also  that 
they  were  apparently  not  devi- 
able  by  a  magnetic  field.  Their 
importance  was  not  at  first 
recognized  and  their  true  na- 
ture was  not  determined  for 
some  time  after  the  nature  of 
the  p  rays  had  been  determined. 
As  a  result  of  some  experi- 
Fio-  510.  ments    on    the     relative    ioni- 

zation by  a  and  p  rays  Strutt  suggested  that  the  a  rays  were 
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positively  charged  particles  emitted  with  great  velocity.  To 
test  this  the  crucial  experiment,  o(  course,  was  to  try  to  bend 
the  rays  by  a  magnetic  field.  Rutherford  was  the  first  to  succeed 
in  doing  this.  His  apparatus  is  shown  diagrammatically  in  Fig. 
510.  Unless  the  radiation  is  very  intense  and  the  magnetic  field 
very  powerful  it  is  extremely  difficult  to  detect  any  deviation. 

A  is  n  gold  leaf  electroscope  of  the  usual  form.    SS  is  a  set  of 

parallel  brass  plates  separated  by  very  narrow  slits,  the  width  of 

which  was  in  some  experiments  as  small  as  0.042  cm.  but  varied  for 

different  experiments  up  to  o.i   cm.     A  quantity  of  radium,  R, 

was  placed  below  the  slits  and  the  rays  passed  up  through  them  and 

into  the  electroscope  where  they  ionized  the  air.     Of  course,  the 

p  and  y  rays  were  also  present  but  the  ionization  produced  by 

w    the  a  rays  was  more  than  nine  times  that  produced  by  the  j8  and  y 

bnys  combined,  so  their  presence  did  not  affect  the  experiment.    By 

V''1^Iying  a  magnetic  field  in  a  direction  parallel  to  the  shls  and  at 

.  right  angles  lo  the  plane  of  the  paper  the  rays,  if  they  are  deviable, 

should  be  bent  either  to  the  right  or  left  and  strike  the  plates  and 

be  slopped  before  they  could  emerge  beyond  the  slits.     He  found 

that  by  the  application  of  the  magnetic  field  over  eight-ninths  of 

the  a  radiation  could  be  cut  off,  showing  that  the  a  rays  could  be 

deviated  by  the  field.     By  a  slight  modification  of  the  experiment 

he  showed  that  they  were  bent  in  the  opposite  direction  to  that  in 

which  the  j8  rays  would  be  bent,  indicating  that  the  a  rays  must 

cany  a  positive  charge. 

Rutherford  also  succeeded  in  deflecting  Ibe  o  rays  by  an  electric 
field  using  an  apparatus  similar  to  the  one  just  described. 

746.  Velocity  and  Ratio  e/m  for  a  Bays.    The  deviability  of  the 
a  rays  by  a  magnetic  and  electric  field  made  it  possible  lo  deter- 
^^ine  their  velocity  and  the  value  of  the  ratio  of  the  charge  to 
^Bbe  mass. 

^^  The  latest  results  obtained  by  Rutherford  and  other  experi- 
menters show  that  within  the  limits  of  experimental  error  the 
value  of  e/m  is  the  same  for  the  a  rays  emitted  by  the  various 
radio-active  substances.  The  average  experimental  value  ob- 
tained is  about  5X  lo"  electromagnetic  units.  Assuming  that  the 
charge  on  each  panicle  is  the  same*  the  mass  of  the  a  particles 
m'tted  by  the  different  substances  is  constant. 
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Although  the  mass  is  constant  yet  the  velocity  of  expulsion  of 
the  a  particles  is  not  the  same  for  all  substances,  as  it  is  found 
to  vary  from  1.56  X  lo*  to  2.25  X  lo*  cms.  per  second. 

747.  Mass  of  a  Partide.  These  results  enable  us  to  obtain  a 
more  definite  idea  of  the  mass  of  the  a  particle.  The  value  of 
e/m  for  the  atom  of  hydrogen  liberated  in  the  electrolysis  of  water 
is  10*  electromagnetic  units  while  we  have  just  seen  that  for  the 
a  particle  e/m  is  5  X  10*.  Assuming,  therefore,  that  the  charge  on 
the  a  particle  is  the  same  as  the  charge  on  the  gaseous  ion  and, 
consequently,  the  same  as  the  charge  on  the  electrol3rtic  hydro- 
gen ion  or  atom,  we  see  that  the  mass  of  the  a  particle  must  be 
twice  the  mass  of  the  hydrogen  atom.  This  fact  has  led  to  different 
theories  as  to  what  the  a  particle  really  is.  Since  it  is  atomic  in 
size  and  of  the  same  order  as  hydrogen  and  helium,  and  since 
there  does  not  seem  to  be  any  place  according  to  the  periodic  law 
among  the  elements  for  a  new  one  in  that  part  of  the  series,  three 
hypotheses  have  been  suggested,  namely  (a)  that  the  a  particle  is 
a  molecule  of  hydrogen  carrying  the  ionic  charge  of  hydrogen, 
(t)  that  it  is  a  helium  atom  carrying  twice  the  ionic  charge  of 
hydrogen,  or  (c)  that  it  is  one-half  the  helium  atom  carrying  a 
single  ionic  charge  since  the  atomic  weight  of  helium  is  almost 
four  times  that  of  hydrogen.  The  evidence  at  present  available 
seems  to  favor  either  the  second  or  third  theory  in  preference  to 
the  first,  one  point  in  their  favor  being  that  helium  is  very  com- 
monly found  along  with  old  radio-active  minerals  while  hydrogen 
is  not. 

748.  Absorption  of  a  Bays.  We  have  seen  that  a  distinguishing 
characteristic  of  the  a  rays  is  that  they  are  very  easily  absorbed 
when  passing  through  either  gases  or  solids.  The  proportion  of  the 
rays  absorbed  by  a  given  thickness  of  any  solid  may  be  determined 
by  first  measuring  the  saturation  current  produced  by  the  rays, 
and  then  covering  the  radiating  material  with  the  absorbing  solid 
and  again  measuring  the  airrent  produced  by  the  rays  after  they 
have  passed  through  the  solid.  The  absorbing  layer  must  be  very 
thin  or  else  all  the  rays  will  be  stopped.  The  most  penetrating  a 
rays  known  are  completely  absorbed  by  a  thickness  of  only  about 
0.006  cm.  of  aluminum. 

The  a  rays  are  very  easily  stopped  by  gases,  a  few  centimeters  of 


air  al  atmospheric  pressure  being  sufficient  to  absorb  them,  conse- 
quently, the  ionization  produced  by  them  exists  only  within  a  few 
centimeters  of  the  source  from  which  the  rays  come.  The  absorp- 
tion by  gases  depends  upon  the  density,  being  in  some  cases 
proportional  thereto,  but  not  so  in  all  case*.  The  absorption  of  the 
rays  by  gases  is  important  as  the  degree  of  ionization  depends 
upon  the  amount  of  the  rays  absorbed. 

749.  The  y  EaTS-  The  third  distinct  type  of  rays  given  out  by 
some  of  the  radio-active  substances  differs  very  essentially  from 
the  a  and  fi  rays.  The  y  rays  are  extremely  penetrating,  being 
capable  of  passing  through  large  thicknesses  of  solid  matter.  For 
instance,  the  y  rays  given  out  by  very  strong  radium  bromide 
can  be  detected  after  passing  through  30  cms.  of  iron.  They  are 
very  much  more  penetrating  than  the  X-rays  from  a  very  hard 
X-ray  bulb.  They  are  given  out  by  uranium,  thorium,  radium  and 
actinium  compounds. 

No  one  has  as  yet  succeeded  in  deviating  the  y  rays  by  either  an 
electric  or  magnetic  6eld,  They  do  not  appear  to  carry  any  elec- 
tric charge.  It  has,  therefore,  not  been  quite  so  easy  to  deter- 
mine the  real  nature  of  the  y  rays  in  a  direct  manner.  Their 
great  penetrating  power  and  their  non-deviabiltty  show  a  close 
resemblance  lo  very  hard  X-rays.  The  more  penetrating  X-rays 
become,  the  more  nearly  does  the  conductivity  produced  by  them 
become  proportional  to  the  density  of  the  gas,  which  shows  a  re- 
semblance between  the  very  hard  X-rays  and  the  y  rays. 

We  know  also  that  X-rays  are  produced  by  the  sudden  stopping 
of  a  moving  electron,  and  it  is  reasonable  to  suppose  that  they 
would  be  produced  by  the  sudden  starting  of  an  electron.  Now 
experiment  has  shown  that  y  rays  always  occur  in  conjunction 
with  p  rays  and  the  ^  rays  we  know  are  electrons.  Consequently, 
it  is  reasonable  to  suppose  that  the  y  rays  are  electromagnetic 
pulses  produced  by  the  .sudden  emission  of  the  ^  particle,  or  elec- 
tron, from  the  radio-active  substance.  The  theory  that  the  y 
rays  are  similar  in  nature  to  very  hard  X-rays,  but  of  a  more 
penetrating  type,  seems  (o  be  supported  strongly  by  the  evidence 
at  present  available,  although  it  is  very  difficult  to  settle  the  ques- 
tion definitely   by   direct   proof. 

760.  Prodactioa  of  Uranium  X  and  Thorium  Z.  Crookes  in  1900 
showed  that  by  a  simple  chemical  process  he  could  separate  from 
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uranium  a  constituent  which  was  many  tiroes  more  active  pboto- 
graphically  than  the  uranium  from  which  it  was  separated  and,  in 
addition,  the  separation  of  this  constituent  left  the  uranium  photo- 
graphically inactive.  This  new  and  unknown  constituent  he  called 
Uranium  X,  or  Ur.  X.  Becquerel  obtained  »milar  results  using 
a  slightly  different  chemical  process,  and,  on  testing  about  a  year 
later  the  Ur.  X  and  the  uranium  from  which  it  had  been  sepa- 
rated, discovered  in  addition  the  curious  fact  that  the  uranium 
had  completely  recovered  its  usual  amount  of  activity  while  the 
Ur.  X  had  entirely  lost  its  activity.  Rutherford  and  Soddy  later 
succeeded  in  performing  a  similar  chemical  operation  with  tborium, 
separating  a  very  active  constituent  from  thorium,  which  they 
called  Thorium  X  or  Th.  X  and  which  acted  in  a  mamier  very 
similar  to  Ur.  X. 

These  phenomena  have  been  thoroughly  examined,  both  by  the 
photographic  and  electrical  methods,  and  it  has  been  found  in  the 
case  of  uranium  that  after  separation  the  Ur.  X  was  very  active 
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photographically  but  inactive  electrically,  because  it  gave  out  fi 
rays  but  no  a  rays,  while  the  uranium  from  which  it  had  been 
separated  was  inactive  photographically  but  still  active  electrically, 
due  to  the  fact  that  it  gave  out  a  rays  but  practically  no  fi  rays. 
The  Ur.  X  gradually  lost  its  activity,  while-  the  uranitmi  regained 
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Recovery  in  the  other  took  place  at  the  same  rate.  When  the 
Ur,  X  had  lost  half  its  aclivity  Ihe  uranium  had  regained  half  its 
ori^nal  activity  and  each  process  took  about  22  days.  The  way 
in  which  this  occurred  is  shown  very  clearly  by  the  c 
Fig.  511  which  represent  Ihe  activity  of  each  at  different  timcAl 
after  separation,  the  ordinates  represenling  activily  and  the  ab-^ 
scissffi  time  in  days.  Similar  results  but  of  a  slightly  r 
plicated  nature  were  observed  for  thorium,  but  the  time  taken  for 
the  activit>-  of  Th.  X  to  decay  to  half  its  maximum  value  and  that 
of  the  thorium  to  regain  half  its  activity  was  found  to  be  only 
4  days. 

These  results  indicate  that  some  process  must  be  continually 
going  on  in  these  substances.  Since  the  Ur,  X  which  gives  out  ^ 
rays  can  be  separated  from  the  normal  uranium  leaving  it  devoid 
of  ^  rays,  therefore,  the  j8  rays  must  arise  from  the  Ur.  X,  and 
since  the  uranium  regains  the  ^  ray  activity  after  separation  more 
Ur.  X  must  be  formed  in  the  uranium  compound  to  give  rise  to 
these  rays.  This  can  be  shown  to  be  true,  for  Ur.  X  can  be 
separated  a  second  time  after  recovery  has  taken  place.  The  ac- 
tivity of  normal  uranium  does  not  change,  consequently,  there 
must  be  a  state  of  equilibrium  in  the  uranium  in  which  Ur.  X 
is  being  formed  at  the  same  rate  as  it  dies  away,  so  that  the 
resultant  activity  remains  constant.  This  is  borne  out  by  the 
fact  that  the  rate  of  decay  of  Ur.  X  is  the  same  as  the  rate  of 
recovery  of  the  uranium  from  which  it  was  separated.  Processes 
of  a  similar  nature  have  been  shown  to  be  continually  taking  place  _ 
in  radium  and  actinium  compounds. 

These  facts,  along  with  a  great  deal  of  additional  evidence,  sonwfl 
of  which  we  shall  consider  later,  led  Rutherford  and  Soddy  to  J 
formulate  the  theory  of  successive   changes  in  radio-active  sub-  ] 
stances.     According  to  this  theory  the  different  radio-active  sub- 
stances arc  gradually  undergoing  a  process  of  transformation  by 
which  they  are  changing  in  regular  succession  from  one  product 
to  another  without  the  help  of  any  outside  agency.     We  shall  see 
later  that  Th.  X,  for  instance,  is  not  lost  when  its  activity  com- 
pletely decays,  but  it  disappears  as  Th.  X  and  changes  into  another 
product  or  substance.     Most  of  these  products  give  out  radiatior 
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similar  to  those  we  have  considered,  but  some  do  not  give  out  any 
at  all  and  are,  consequently,  called  rayless  products.  This  is 
called  the  theory  of  successive  changes  and  the  different  products 
into  which  each  one  is  gradually  transformed  are  called  trans- 
formation products.  The  rates  at  which  these  changes  take  place 
vary  very  greatly  for  the  different  products,  some  changes  only 
taking  a  few  seconds  to  complete,  while  others  extend  over  hun- 
dreds of  years.  The  time  it  takes  any  one  of  these  changes  to  be 
half  completed  is  generally  spoken  of  as  the  period  of  that  trans- 
formation or  change. 

Recently  a  corresponding  active  constituent  has  been  separated 
from  actinium  which  is  called  Actinium  X  and  has  properties 
similar  to  Th.  X.  As  yet,  however,  no  corresponding  product 
has  been  discovered  in  connection  with  radium. 

751.  Emanations  from  Badio-ActiTe  Bodies.  The  early  experi- 
menters on  thorium  observed  that  the  radiations  given  out  by 
thorium  compounds  were  very  irregular.  Rutherford  investi- 
gated this  irregularity  very  thoroughly  and  found  that  it  was 
due  to  the  emission  of  some  sort  of  radio-active  particles  from 
the  thorium  compound.  To  these  particles  he  gave  the  name 
"emanation,"  and  he  found  that  it  was  not  like  the  radiations 
which  we  have  already  considered,  but  acted  in  all  respects  like 
a  gas.  It  will  diffuse  through  porous  solids  and  through  gases 
and  it  may  be  carried  away  by  a  current  of  air.  It  is  capable  of 
ionizing  a  gas  itself  and  of  acting  on  a  photographic  plate.  It 
does  not  itself  consist  of  ions  but  has  the  power  of  producing  ions 
in  the  gas,  for  it  may  be  passed  through  cotton  wool  or  bubbled 
through  solutions  without  losing  its  power  of  ionizing  a  gas. 
This  differs  from  a  g^s  ionized  in  the  ordinary  way,  for  the  gas 
will  lose  its  ions  under  these  circumstances  while  the  emanation 
does  not. 

The  emanation  is  not  affected  by  an  electric  field.  The  electric 
field  removes  the  ions  produced  by  it  but  does  not  remove  the  ema- 
nation itself.  The  emanation  cannot,  therefore,  consist  of  charged 
particles  like  the  ions. 

Radium  and  actinium  each  gives  out  an  emanation  possessing 
properties  similar  to  the  thorium  emanation,  but  as  far  as  is 
known  at  present  uranium  does  not  give  off  any  emanation. 


I  Rutherford  and  Soddy  investigaled  the  effect  of  different  phys- 

I  and  chemical  agencies  on  ihe  emanations  from  thorium  and 
um,  and  found  that  these  emanations  were  chemically  in- 
^e,  not  being  affected  by  the  strongest  reagents.     They  were 

[  altered  by  being  passed  through  a  platinum  tube  raised  to  a 
iiite  heat,  nor  by  being  cooled  to  the  temperature  of  solid  carbon 
toxide,  They  found,  however,  that  the  emanation  could  be  con- 
'4ensed  when  passed  through  a  tube  immersed  in  liquid  air. 
This  was  a  very  important  and  crucial  experiment,  proving  con- 
clusively the  gaseous  nature  of  the  emanation.  They  showed  that 
the  radium  emanation  condensed  at  about  —  150°  C.  while  the 
thorium  emanation  began  to  conden&e  at  —-  120°  C.  but  was  not  all 
condensed  till  about  — 150°  C.  was  reached. 

If  the  emanation  be  removed  from  the  thorium,  by  drawing  off 
into  another  vessel  both  it  and  the  air  with  which  it  is  mixed,  its 
activity  dies  away  very  rapidly  with  time.  Also  if  a  quantity  of 
thorium  be  placed  in  a  closed  vessel  and  the  ionization  current 
measured  immediately  and  at  short  intervals  it  is  found  to  gradu- 
ally rise  and  finally  reach  a  steady  state.  The  rate  at  which  the 
current  rises  in  the  closed  vessed  is  exactly  the  same  as  the  rate 
at  which  the  separated  emanation  dies  away.  We  have  here  a 
state  of  things  similar  to  the  case  of  thorium  and  Th.  X  where 
the  activity  of  one  rises  at  the  same  rate  as  the  other  dies  away. 
An  equilibrium  state  is  reached  when  the  emanation  is  produced 

I  fast  as  it  dies  away.  The  period  of  the  emanation,  that  is, 
Bie  time  taken  for  its  activity  to  fall  to  half  value,  is  about  54 
seconds.  The  period  for  the  radium  emanation  is  much  longer, 
being  about  3.7  days. 

The  emanation  is  not  produced  directly  by  the  thorium  but  is 
a  direct  product  of  Thorium  X.  Rutherford  and  Soddy  have 
shown  that  when  the  Th.  X  is  separated  from  the  thorium  the 
latter  does  not  give  off  any  emanation  but  gradually  regains  its 
emanating  power.  The  separated  Th.  X,  however,  possesses  strong 
emanating  power  but  gradually  loses  it.  These  processes  take 
place  at  exactly  the  same  rale  as  the  loss  and  regain  of  activity 

11^  the  Th.  X  and  thorium  respectively,  which  we  have  already 
Considered.  This  accounts  for  the  decay  of  the  Th.  X  as  it  is  con- 
^ually  changing  into  emanation.  The  emanation  and  Th.  X 
are  distinct  substances  having  distinct  properties. 


me 
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752.  Excited  Activity.  If  a  solid  body  be  exposed  in  a  closed 
vessel  to  the  emanations  from  radium,  thorium  or  actinium  its 
surface  becomes  coated  with  an  extremely  thin  solid  deposit  of 
very  radio-active  material.  This  active  deposit  is  invisible,  even 
under  a  microscope,  but  can  be  dissolved  by  certain  acids  and 
when  the  solvent  is  evaporated  ag^n  it  is  left  behind.  It  emits 
radiations  which  affect  a  photographic  plate  and  ionize  a  gas. 
If  a  negatively  charged  wire  be  placed  in  a  closed  vessel  con- 
taining the  emanation  the  active  deposit  is  all  concentrated  on 
this  wire  instead  of  being  distributed  on  the  interior  of  the  vessel. 
By  this  means  a  very  small  wire  may  be  made  intensely  radio- 
active. 

If  the  negatively  charged  wire  be  exposed  to  the  emanation  for 
several  hours  and  then  removed  and  its  activity  tested  at  intervals, 
it  is  found  to  gradually  die  away  with  time,  according  to  a  law 
exactly  similar  to  that  for  the  decay  of  the  emanations.  The 
excited  activity  from  thorium  decays  to  half  value  in  about  ii 
hours.  It  requires  time  for  the  excited  activity  to  be  deposited 
on  the  wire  and  the  deposit  increases  until  it  reaches  a  maximum. 
This  rate  of  increase  is  the  same  as  the  rate  of  decrease  of  activity 
when  the  wire  is  removed  from  the  emanation.  There  must,  con- 
sequently, be  an  exactly  similar  process  going  on  here  as  we  ob- 
served in  connection  with  thorium  and  Th.  X,  and  with  Th.  X 
and  the  emanation.  Just  as  Th.  X  is  continuously  changing  into 
the  emanation  the  emanation  is  gradually  changing  into  the  active 
deposit  and  this  in  turn  must  be  changing  into  something  else. 

If  the  wire  be  exposed  to  the  thorium  emanation  for  only  a  few 
minutes  instead  of  several  hours  a  different  phenomenon  is  ob- 
served after  removal  of  the  wire.  Instead  of  beginning  to  decay 
immediately  after  removal  the  activity,  which  at  first  is  very  small, 
gradually  increases  until  it  reaches  a  maximum  in  about  four 
hours,  and  then  it  decays  again  at  just  the  same  rate  as  the 
activity  for  a  long  exposure  decayed.  When  the  exposure  is  a 
long  one  no  initial  increase  is  observed.  Rutherford  was  the 
first  to  offer  a  satisfactory  explanation  of  this  phenomenon  and 
he  did  so  by  supposing  that  the  active  deposit,  instead  of  being 
one  substance,  is  really  made  up  of  two  distinct  substances  one  of 
which   is   changing  into  the  other.    He  called  these   two  sub- 
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stances  thorimii  A  and  thorium  B  and  supposes  that  thorium  A 
arises  from  the  emanation  and  is  deposited  on  the  wire  and  then 
changes  into  thorinm  B,  and  then  the  thorium  B  changes  mto 
something  else.  For  a  short  exposure  the  deposit  will  consist 
almost  entirely  of  thorium  A,  as  very  little  has  had  time  to  change 
into  thorium  B,  and  if  we  suppose  that  thoritmi  A  does  not  give 
out  any  rays  at  all  then  the  activity  at  first  will  he  very  small. 
due  only  to  the  very  small  portion  of  thorium  B.  As  thorium  A 
changes  into  thorium  B  the  activity  will  increase  until  the  change 
of  A  into  B  just  balances  the  decay  of  B.  Then,  as  more  atoms 
of  B  will  change  per  second  than  are  produced  from  A.  the 
activity  will  gradually  decay.  In  the  case  of  the  long  exposure 
this  maximum  has  been  reached  before  the  wire  is  removed  and 
tested  and,  consequently,  the  initial  rise  is  not  observed  The 
substance,  thorium  A,  may  be  called  a  "  rayless  "  substance  and 
the  change  from  A  to  B  a  "rayless"  change.  These  two  sub- 
stances have  distinct  periods  of  decay  which  have  been  determined 
partly  by  experiment  and  partly  by  theoretical  considerations, 
which  space  will  not  allow  us  to  enter  into  here.  Thorium  A 
has  a  period  of  11  hours  and  thorium  B  a  period  of  55  minutes. 
Hahn  has  recently  shown  that  thorium  B  is  not  a  single  substance 
but  is  complex,  consisting  of  two  distinct  substances  which  he 
has  called  thorium  B  and  thorium  C,  the  former  changing  into 
the  latter.  Although  it  has  not  been  definitely  proved  yet  the 
former  probably  gives  out  only  a  rays  while  the  latter  gives  out 
a,  p  and  y  rays. 

The  active  deposit  from  the  actinium  emanation  is  very  similar 
to  the  active  deposit  from  thorium,  consisting  of  actinium  A  which 
is  rayless  and  actinium  B  which  emits  a,  p  and  y  rays. 

An  examination  of  the  active  deposit  from  radium  shows  that 
the  transformations  taking  place  are  more  complicated  than  those 
of  thorium  and  actinium.  The  decay  curves  when  measured  by 
the  a  rays  are  quite  different  from  those  obtained  by  the  P  or  y 
rays.  The  two  latter  give  identical  curves  showing  that  the  p 
and  y  rays  occur  together.  By  a  process  of  analysis  similar  to  that 
used  for  thorium  it  has  been  shown  that  the  active  deposit  from 
the  radium  emanation  consists  in  the  first  instance  of  three  dis- 
tinct substances  which  have  been  called  radium  A,  radium   B 
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and  radium  C.  Radium  A  gives  out  only  a  rays;  radium  B  was  at 
first  thought  to  give  out  no  rays  but  it  has  recently  been  shown  to 
give  out  p  and  y  rays,  while  radium  C  gives  out  all  three  types. 
The  periods  of  these  three  products  are  3,  26  and  19  minutes 
respectively. 

It  has  been  observed  that  after  the  greater  portion  of  the 
excited  activity  of  the  deposit  from  radium  has  decayed,  which 
takes  place,  as  we  have  seen,  in  a  few  minutes,  there  is  a  small 
residual  activity  remaining  which  decays  extremely  slowly.  This 
residual  activity  has  been  shown  to  consist  of  four  distinct  sub- 
stances which  have  been  named  radium  D,  radium  E,  radium  F, 
and  radium  G.  The  periods  of  transformation  of  these  products 
are  much  longer  than  those  of  radium  A,  B  and  C.  Radium  G 
has  been  shown  to  be  identical  with  polonium. 

753.  Badiothorinm  and  Badioactiniiiin.  Hahn  has  recently 
shown  that  there  could  be  separated  from  thorium  by  chemical 
means  an  intensely  active  substance  possessing  all  the  character- 
istic properties  of  thorium  but  many  thousand  times  more  active. 
This  he  called  radiothorium.  He  has  later  succeeded  in  sepa- 
rating still  another  substance  which  he  has  called  mesothorium. 
These  are  intermediate  products  between  thorium  and  Th.  X. 

He  has  also  shown  that  in  the  actinium  series  there  is  a  product 
similar  in  properties  to  radiothorium  which  he  has  called  radio- 
actinium.  It  is  produced  from  actinium  and  is  in  turn  the  parent 
of  actinium  X. 

754.  Heat  I  Emitted  by  Radium  and  Thorium.  Curie  and 
Laborde  discovered  that  radium  is  always  hotter  than  its  sur- 
roundings and  emits  heat  at  the  rate  of  100  calories  per  gram 
per  hour.  It  has  also  been  found  that  thorium  acts  similarly 
though  in  a  minor  degree.  This  is  readily  explained  by  the  high 
velocity  and  kinetic  energy  of  the  a  particles  (§746)  and  the 
readiness  with  which  they  are  absorbed  (§748).  Many  of  the 
particles  that  start  within  the  radioactive  body  are  absorbed  by 
the  body  itself  and  their  kinetic  is  transformed  into  heat  Ruther- 
ford and  Barnes  have  found  that  23  per  cent,  of  the  heat  emitted 
by  radium  is  due  to  radium  itself,  32  per  cent,  to  radium  C,  and  45 
per  cent  to  the  emanation  and  radium  A  together. 

755.  Cause  of  Radio-Active  Ohanges.  We  have  seen  that  in 
the  radio-active  bodies  continuous  changes  from  one  substance  to 
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another  are  taking  place  which  so  far  have  never  been  observed  in 
any  other  class  of  materials.  Each  of  these  substances  is  entirely 
distinct  from  the  others  and  has  distinct  physical  and  chemical 
properties.  They,  however,  gradually  decay  and  each  one  has  a 
distinct  and  definite  period  of  decay  which  distinguishes  it  from 
all  the  others.    How  do  these  changes  come  about? 

According  to  the  theory  of  J.  J.  Thomson  atoms  may  be  con- 
sidered complex  structures  consisting  of  systems  of  positively  and 
negatively  charged  particles  in  very  rapid  rotation  and  held  to- 
gether by  their  mutual  forces  in  equilibrium.  According  to  the 
disintegration  theory  this  complex  structure  constituting  the  atom 
of  radium  (which  we  shall  take  as  a  typical  example)  becomes  by 
some  means  unstable  and  one  of  the  positively  charged  a  particles 
is  suddenly  expelled  with  great  velocity.  The  structure  of  the 
atom  which  remains  is  now  different  and  constitutes  the  atom  of  a 
new  substance,  namely,  the  emanation.  The  atoms  of  the  emana- 
tion are  unstable  and  gradually  change  by  the  expulsion  of  an- 
other a  particle,  and  the  process  is  continued  throughout  the  suc- 
cessive changes. 

Why  do  these  atoms  suddenly  become  unstable  and  break  up 
without  any  apparent  cause?  Several  explanations  have  been 
offered  to  account  for  this,  but  the  most  probable  one  seems  to  be 
that  if  this  system  of  charged  particles,  of  which  the  atom  prob- 
ably consists,  is  in  rapid  rotation  it  must  be  radiating  energy,  and 
when  sufficient  energy  has  been  radiated  the  mutual  forces  of  the 
system  no  longer  balance  and  one  or  more  of  the  particles  escape 
and  cause  disintegration. 

The  rayless  changes  have  still  to  be  explained,  for  they  ap- 
parently take  place  without  the  expulsion  of  any  particles.  These 
may  be  explained  in  either  of  two  ways.  The  new  product  may 
be  formed  in  this  case  simply  by  a  rearrangement  of  the  system 
of  charged  particles,  or  it  may  be  caused  by  the  expulsion  of  one 
or  more  particles  but  with  a  velocity  too  slow  to  ionize  the  gas  so 
that  they  may  be  detected.  It  has  been  shown  that  when  the 
velocity  of  the  a  particle  falls  below  lo*  cms.  per  second  it  ceases 
to  ionize  the  gas. 

This  latter  hypothesis  suggests  that  all  matter  may  possibly 
be  undergoing  a  slow  change  in  a  similar  manner,  and  that  the 
only  reason  this  change  has  been  observed  only  in  the  so-called 
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radio-active  bodies  and  not  in  other  non-radio-active  bodies  is  that 
in  the  case  of  the  radio-active  bodies  the  charged  particles  are 
expelled  with  sufficient  violence  to  ionize  the  gas  while  in  other 
bodies  they  may  be  expelled  but  not  with  sufficient  velocity  to 
produce  ions. 
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Calorimetry,  206 
Camera,  photographic,  421 
Canal  rays,  637 
Capacity  of  a  conductor,  505 

sphere,  507 

spherical  condenser,  516 
149       Capillarity,   149 

Camot's  cycle,  26$ 
Cathode  rays,  633 
Caustic,  by  reflection,  366 
Cavendish  expcfimeat,  109 
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011%  voltaic,  S65 

aecoodary*  563 
Celsius*  thermometer  scale,   184 
Centigrade  thermometer  scale,  183 
Center  of  mass,  59 

percussion,  93 

oscillation,  92 

optical,  383 
Centrifugal  force,  35.  77 
Chain  hoist,  105 

Charge,  electrical,  energy  of,  507 
Charge,  residual,  5x9 
Charles'  law,  201 
Charts,  magnetic,  492 
Chladni's  figures,  304 
Chromatic  aberration,  387 
Circle,   motion  in,   24,  83 
Coefficient  of  expansion,  cubical,  195 

linear,  192 
Coil,  induction,  596,  597 
Cold  produced  by  evaporation,  231 

expansion  of  gases,  244 
Colloids,  154 
Color,  351,  373,  393.  442 

blindness,  446 
Color  sensation,  445 
Color  photography,  401 
Colors,  complementary,  446 

primary,  445 

pigment,  446 
Combination   tones,    315 
Combustion,   heat  of,  213 
Commutator,  601 
Complementary  colors,  446 
Composition  of  forces,  36 
Compounds,   114 
Compound  microscope,  417 

pendulum,  91 

wound  dynamo,  603 
Compressibility  of  liquids,   140 
Concave  mirror,  360 

Tens,  379 
Condenser,  electrical,   515 

oscillatory  discharge  of,  619 
Conductance,  533 

Conduction  of  electricity  in  electrolytes, 
556 

heat,  214 
Conjugate  foci,  379 
Conservation  of  electricity,  514 

energy,  52,  258 
Constant,   dielectric,   520 
Contact  difference  of  potential,   565 
Convection  of  heat,  203 
Convex  lens,  363 

mirror,  253,  363 
Cooling,  NcMTton's  law  of,  253 


Corda,  ▼ocaU  $2$ 

Cornea,  412 

Corona,  411 

Corpuscular  theory  of  light,  345 

Corti's  fibers,  326 

Coulomb's  balance,  478,  499 

Coulomb's  law,  electro-static,  499 

magnetic,  478 
Coulometer,  56a 
Couples,  76 
Couple,  thermo-,  576 
Critical  angle,  389 

point,  240 
Cryohydrate,  221 
Crystalloids,  154 
Crystals*  biaxial,  451 

positive  and  negative,  456 

uniaxial,  451 
Current,  the  electric,   529 
Currents,  action  of  magnets,  536 

alternating,   600 

displacement,  532 

Foucault,  or  eddy,  590 

primary  and  secondary,  585 
Curvilinear  motion,    14 
Cylindrical  mirror,  368,  386 

Dalton's  law,  226 

Damping,  299 

D'Arsonval  galvanometer,  545 

Davy's    experiment    on    the    nature    of 

heat,  180 
Declination,  magnetic,  491 
Deduction,  2 

Degrees  of  freedom  of  a  body,  7 
Density,  115 

of  earth,   no 

maximum  of  water,  199 

water,  116 
Depression  of  freezing  point,  220 
Derived  units,  dimension  of,  ixi 
Deviation,  372 
Dewpoint,  236 
Diagram  of  work,  43 
Diamagnetism,  475 
Diatonic  scale,  313 
Dichromatism,  444 
Dielectric  constants,  499,  52c 
Diffraction,  307,  40  x 

grating,  410,  424 
Diffusion  of  gases,  166 

ions,  643 

liquids,  153 

metals,  168 
Diffusitivity,  153 
Difference  tone,  315 
Dimensional  formalx,  ixj 
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waves  along  witci,  61 
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of,  &13 

Dip,  4»> 

Dir«I  vision  spertroscopc,  414 

KLcclro-slatic  induction,    s°9 

Direction  ot  (ound,  314 

units,  6j6 

Dischacge  of  condenKi.  6tg 

I^lectrodei,  Si7 

io  «««.  63t 

polsnution  of,  f6a 

Disk  dynamo,  5«o 

Electrolysis,  ss*.  SS9 

Dispeitioa,  36S,  373,  376 

Electrolyte,  dissociation  of,  SS 

DiverBve  power.  375 

Di«ila«;m»nt  of  spec  Hal  line 

44  a 

Electrometer,  ja- 

quadriTit,   S'3 

gaseous,  641 

Dapple t's  effect,  310.  437,  44i 

Double  refrsrtion,  448 

Electroscope,    gold    leaf,    sii 

producrd  by  strain. 

Elements.  .,4 

Emanaiion  from  radio-active  b 

Ductility,  .17 

EmissioQ  of  radiant  energy.  14 

Dulong  and  Petit's  law,  »ii 

Emiswon  thtorr  o£  light.  J45 

Dotib  telescope,  419 

Emissive  power,  =70 
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radiant.  349.  430.  438 
source  of,  voltaic  cell,  ^r 
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pr.  »7) 

Epocb,  B7 

Equitlbrinni,  36,  40.  78,  8t 

Equivalent,  eleetnxhemlcal, 
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ElcclrifiGBtion  by  indui 

Electro-chemical  rquiva 
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Electro-magnetic  indue 
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Fabry  and  Perot' 
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Ice-pall  aperimoit.   jij 

F«aday-. 

laws  of  electrolTsis,  {^^i 
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Fatigue,  elastic,  taj 
Field,  electric,  500 

magnetic,  479>  S30 

magnets,  60a 
Fizeau's  measurement  of  the  ▼elodty  of 

light,  341 
Flexure,  122 
Flotation,  141 
Fluid,  113,  ia8 
Fluorescence,  447 
Focal  lines,  367,  3731  385 
Foci,  conjugate,  379 
Foot,  8 

Foot-pound,  43 
Force,  j8 

centrifugal,  35,  74 

unit  of,  32 
Forces  composition  of,  36 

molecular,  146 

moment  of,  64 

parallel,  74 

parallelogram  of,  37 

polygon  of,  37 

resolution  of,  37 

resultant   of,    73 

triangle  of,  37 
Fortin's  barometer,  157 
Foucault's  currents,  590 

measurement   of   velocity   of   light, 
340 

prism,  457 
Fourier's  theorem,  294 
Fraunbofer's  lines,  374,  439 
Freezing  mixtures,  224 

point,  220 

depression  of,  220 
influence  of  pressure  on,   222, 
271 
Frequency  of  notes,  310 

waves,  284 
Fresncl's  bi-prism,   352 

experiments  on  the  interference  of 
light,   352 
Friability,   127 
Friction,  static,  95 

kinetic,  97 

rolling,  99 
Furnace,  electric,   575 
Fusion,  218 

beat  of,  223 

Galileo,  21 

Galilean  telescope,  419 

Galvanometer,  D'Arsonval,  545 

ballistic,  546 

Thomson,  543 

tangent,  541 


Gas  thermometer,   184 

Gaseous  dissociation,  641 

Gases,  difiFusion  of,  z66,  168 
effusion  of,  z66 
expansion  of,  344 
kinetic  theory  of,  163 
liquefaction  of,  240,  246 
specific  heat  of,  259,  260 
tran^iration  of,  167 
thermal  conductirity  of,  217 
velocity  of  sound  in,  303 

Gas  law,  20  x 

Goldleaf  electroscope,  5x1,  639 

Gramme  armature,  604 

Graph  of  a  velocity,  14 
work  done,  43 

Grating  diffraction,  410,  424 

Gravitation,  xo6 

Gravitational  waves,  283 

Gravity,  center  of,  77 

value  of  at  different  latitudes,  22 

Gyration,  radius  of,  70,  91 

Gyroscope,  93 

Hardness,  127 

Harmonics,  314 

Heat,  absorption  of,  249 

atomic,  211 

conduction  of,  214 

convection  of,  203 

emission   of,    249 

mechanical   equivalent  of,   256 

of  combustion,  213 

of  fusion,  223 

of  solution,  hydration,  etc.,  212 

of  vaporization,  231 

radiation  of,  247 

specific,  208 

units  of,  207 
Height  of  barometer,    156 
Helmholtz's  equation,  567,  593 
Henry,  the,  594 
Hertz's  experiments,   621 
Homogeneity,  xi6 
Hooke's  law,  119 
Hope's  experiment,  200 
Horse-i)ower,  45 
Humidity  of  air,  237 
Huyghens'  principle,  353 

wave-surface  in  uniaxial  crystals,  455 
Hydraulic  press,    133 

ram,   145 
Hydrometers,    140 

Nicholson's,  14  x 
Hygrometric  state,  237 
Hygrometry,  237 
Hypothesis,  3 
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Linear  expaniion,  19a 
Lipmann's  color-photographj,  40X 
Liquefaction  of  gaaes»  240,  a46 
Liquida,  compreaaibility  of,  140 

elaatidty  of,  140 

velocity  of  outflow  of,  143 
sound  in,  304 
Lissajous'  figures,  289 
Lloyd's  mirror,  3Sa 
Lodestone,  476 
Loudness,  307 
Luminescence,  440 
Luminosity,  standards  of,  4^9 
Lummer-Brodhun  photometer,  4x8 

Machines,  simple,   xoo 

dynamo-electrical,  589,  6oj 
electrical,  524 
Magnetic  attraction  and  repulsion,  478 
charts,  49J 
elements,  490 
field,  479.  530,  534 

measurement  of,  484 

intensity  of,  491 
induction,  486 
lines  of  force,  481,  531 
moment,  483 
pole,  482,  49a 

unit,  478 
rotation    of   plane    of   polarization, 

46s 
Magnetizing  force,  486 
Magnetism,  475 

induced,  486 

terrestrial,  490 
Magneto^lectric  machine,  603 
Magnets,  475 
Malleability,  127 
Manometer,    162 
Mass,  28 

units  of,  29 
Matter,  i,  113 

states  of,  113 
Maximum  thermometer,    188 
Maxwell's    electro-magnetic    theory    of 
light,  621 

rule,  611 
Measurement,  a 
Measurements,  optical,  412 
Mechanical  equivalent  of  heat,  256,  571 
Mechanics,  2,  5 
Melting-point,  219 

depression  of,  produced  by  dis- 
solved substances,  220 
Melting-point,  influence  of  pressure  on, 
323,  371 


Mercury  pump,  171 

thermometer,  187 
Metacenter,  143 
Meter,  8 
Michelson's  interferometer,  435 

measurement    of    the    Tdodty  of 
Ught,  342 
Microphone,  6x0 
Microscope,  4x5 

compound,  417 

simple,  4x5 
Migration  of  ions,  s^ 
Minimum  deviation,  372 
Minimum  thermometer,  188 
Mirage,  39X 
Mirrors,  concave,  360 

convex,  363 

cylindrical,  368 

hyperboloidal,  368 

paraboloidal,  368 

plane,  357 

rotating,  334 

spherical,  aberration  in,  366 
Mirror  and  scale  method,   544 
Mixtures,   freezing,   224 

method    of,    for    measuring   spediic 
heat,  208 
Mobility  of  gaseous  ions,  644 
Modulus  of  elasticity,   120,   121,  161 
Molecules,   114 
Molecular  forces,   146 
Moment  of  a  force,  64 

inertia,  64 

magnet,   483 
Momentum,    30 

ftngular,   70 
Moon,  motion  of,  107 
Motion,  curvilinear,  14 

in  a  circle,  24,  83 

Newton's  laws  of,  27 

simple  harmonic  84,  283 

uniformly  accelerated,  19 
Motors,  electric,  615 
Multiple  image  formed  by  mirrorSi  35^ 
Musical  intervals,  312 

scale,  312,  313 

Needle,  astatic,  543 

dipping,  491 
Neutral  point,  577 
Newcomb's  measurement  of  the  velocity 

of  light,  343 
NcMTton's  emission  theory,  34S 
Newton's  law  of  cooling,  253 
gravitation,   xo6 

laws  of  motion,  37,  34 

rings,  346,  395 
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\  telescope,  420 

i*s  hydrometer,  141 

rism.  457 

id  loops,  298 

ttsical,  frequency  of,  300 

il  measure,  2 

ion,  3 

I  of  gases,  165 

S13 

experiment,  530 
w,  533 

335 

enter,  38a 

oments,  412 
pes,  3ao,  3a X 
iph,  608 

n,  electrical,  618 
7  discharge,  619 
154 
■>  319 

dal  mirror,  368 
forces,  74 

333 

pam  method,  9 

rces,  37 

letic  bodies,  47  s 

319 

irinciple,  133 

feet,  578 

1,  compound,  91 

e,  87 

»n,  90 

I,  33X 

Q*  93 

3 

H.  M.,  84 
notion,  83 
lity,  magnetic,  487 
.  87,  398 

H.  M.,  87 
Mcence,  448 
>hic  camera,  421 
>hy,  color,  401 
era,  428 

T,  337 
T,   X40 

colors,  446 
nages,  332 
jan,  320,  321 
It  308 
308 
,   127 

ick,  399 
dons  of,  324 

405 


Platinum  thermometer,  191,  i^i 
Polarization  of  electrodes,  560 
Polarized  light,  355,  400 

rotation  of  plane  of,  460 
Polarizing  angle,  452 
Poles,  magnetic,  of  the  earth,  492 

of  a  magnet,  475*  482 
Polonium,  650 

Porous-plug  experiment,  243 
Position,  6 
Positive  crystal,  456 
Potential,  electrical,  50  x 
energy,  48 

of  electric  charge,  507 
Power,  45 

Practical  system  of  electrical  units,  532 
Precession,  94 

Pressure  exerted  by  a  fluid,   130 
gauge,  163 

of  the  atmosphere,  156 
within  a  soap-bubble,  xsi 
Prevost's  theory  of  exchanges,  249 
Primary  colors,  445 
Prism,  Foucault,  457 

minimum  deviation  of,  372 
Nicol's,  457 
Projectile,  2^ 
Projection  lantern,  422 
Pulley,  103 
Pumps  for  gases,  170 
liquids,  168 
mercury,  171 

Quadrant  electrometer,  523 
Quality  of  sounds,  307,  3x1 
Quantity  of  heat,  206 

Radian,  53 
Radiation,  245,  329 
Radio-actinium,  664 

thorium,  664 
Radiometer,  246 
Radium,  651 

Radius  of  gyration,  70,  91 
Rainbow,  393 
Rays,  a,  /8,  and  7,  651 

canal,  637 

cathode,  633 

Lenard,  636 

R5ntgen,  637 
Radiant  energy,  emission  of,  247,  430 

absorption  of,  247,  438 
Rectilinear  propagation  of  light,  331 
Reeds,  324 
Reflection  at  a  plane  surface,  357 

laws  of,  334 

of  electro-magnetic  wares.  623 
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Reflection  of  light  wares,  357 

sound  waves,  305 

waves,  295 

total,  389 
Refraction  of  light,  33  s>  3^8,  389 

waves,  399 
Refractive  index,  368,  369,  427 
measurements  of,  427 

indices,  table  of,  376 
Regenerative  process,  246 
Residual  charge,  519 
Resistance,  electrical,  533,  547 

specific,  547 

standards  of,  551 
Resistivity,  547 
Resolving  power,  408 
Resonance,  315 

electrical,  621 
Resonator,  Hertz,  621 
Resonators,  3x6 
Restitution,  coefficient  of,   za3 
Reverberation,  305 
Reversal  of  spectral  lines,  440 
Reversible  cycle,  274 

processes,  272 
Rigidity,  simple,  120 
Rods,  vibration  of,  322 
Roget's  spiral,  614 
Romer,  determination  of  the  velocity  of 

light,  339 
Rontgen  rays,  637 
Rotation,  6,  53,  64 

of  plane  of  polarization,  460 
Rowland's  measurement  of  the  mechan- 
ical equivalent  of  heat,  256 
Rumford's  experiment  on  the  nature  of 
heat,  x8o 

Saturation  current  in  gases,  641 

Scalar,  xi 

Scales,  312 

Schlieren  method,  392 

Science,  2 

Screw,  X06 

Second  of  time,  14 

Secondary  cells,  563 

current,  585 
Self-induction,  591 
Shadows,  33  x 
Shunts,  552 
Siemens  armature,  604 
Simple  harmonic  motion,  84,  287 

composition  of,  287,  291 

pendulum,  87 


Sines,  curve  of,  j86 
Siphon*  170 

barometer,  158 
Siren,  308 

Six's  thermometer,  190 
Solar  q>ectruzn,  250,  440 
Solids,  1x3,  xx6 

thermal  conductivity  of,  2x4 
Solenoid,  538 
Solutions  and  alloys,  220 

heat  of,  213 
Solutions,  freezing  point  of,  220 

vapor  tendon  of,  228 
Sound,  diffraction  of,  307 

interference  of,  3x4 

reflection  of,  305 

refraction  of,  306 

velocity  of,  30  x 
Spar,  Iceland,  449 
Spaxk  discharge,  502 
Specific  gravity,  xx5 

heat,  208 

measurement  of  by  method 
mixtures,  208 

heats,  difference  of,  of  gases,  259 
ratio  of,  of  gases,  260 

inductive  capacity,  52  x 
Specific  resistance,   547 
Spectra,  440,  441,  442 
Spectroscope,  423 
Spectrum,  250,  43^7.  440 

distribution  of  energy  in,  254,  4 
Speed,  XX 

Spherical  aberration,  366,  383 
Spheroidal  state,  229 
Sprengel's  pump,    172 
Standards  of  luminosity,  429 
Statics,  6 

Stationary  waves,  297,  400,  623 
Steam  engine,  276 
Stefan's  law,  253 
Storage  cell,  563 
Strain,  X17 
Stress,   X18 

Strings,  vibration  of,  317 
Sublimation,  232 
Summation  tone,  315 
Supercooling,  219 
Superheating,  227 
Surface  tension,    X47 

Tangent  galvanometer,  54  x 
Telegraph,  540 
Telegraphy,  wireless,  626 
Telephone,  6zo 
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Telescope,  astronomical,  418 

Galilean,  419 

reflecting,  420 
'Temperature,  179 

abaolute  scale  of,  270 

xero  of,  191 

critical,   240 
Tempered  scale,  equal,  313 
Tension  of  vapor,  225 
Terrestrial  magnetism,  490 
Tesla  induction  coil,  597 
Theory,  4 

kinetic,  115 
Thermal  unit,  207 

conductivity,  216 
Themuxhemistry,  2x1 
Thermo  d3mamics,  first  law  of,  258 
second  law  of,  273 

electric  power,  577 

electricity,  576 
Thermometer,  gas,  184 

maximum  and  minimum,  188 

mercurial,  187 

errors  of,  187 

platinum,  191,  553 
Thermometric  scales,   183 
Thermometry,  182 
Thermopile,  581 
Thomson  efiFect,  581 

galvanometer,  543 
Thick  plates,  399 
Thin  plates,  colors  of,  348,  39s 
Tides,  III 
Time,  units  of,  14 

combination,   3 1 5 
Tones,  quality,  310 
Topler's  pump,  172 
Torricelli's   experiment,    156 

theorem,  143 
Torsion,  lai 

balance,  478 

pendulum,  90 
Total  reflection,  389 
Tourmaline,  451 
Transformers,  604 
Translation,  6,  64 
Translucency,  335 
Transmitter,  telephone,  6x0 
Transparency,  33  s 
Transpiration,   167 
Triangle  method,  9 
Triple  point,  233 
Tuning-fork,  322 

Uniaxial  crystals,  451 
Uniformity  of  nature,  4 


Unit  of  time,  14 

heat,  207 

magnetic  pole,  478 
Units,  3,  8,  32,  43 

absolute  system  of,  11 1 

derived,  xii 

electrical   and   magnetic,   478,    532, 
626 

fundamental,   xxx 

Van  der  Waals,  x6o,  243 
Vaporization,  224 

heat  of,  231 
Vapor  pressure  or  tension,  225 
Vector,  II 
Velocity,  xi,  53 

of  light,  339 

outflow  of  liquid,  143 

sound  in  air,  301 

in  gases,  effect  of  temperature  on, 
301,  30 J 

liquids,  30  x 
Vibrations  of  bells,  324 

columns  of  gas^  319 

rods*  323 

strings,  317 
Viscosity,  137,  163 
Vision,  413 
Voice,  325 
Volt,  533 
VolU  effect,  564 
Voltaic  cell,  $6$ 

energy  of,  567 
Voltameter,  56a 
Voltmeter,  546 

Volume,  change  of,  during  fusion,  221 
Vowel  characteristics,  326 

Water,  density  of,  116 
Wave,  electric,  621,  626 

front,  354 

length,  283 

motion,  283,  298 

surface,  in  uniaxial  crystals,  453 
Waves,  interference  of,  ago 

longitudinal,   286 

reflection  of,  295 

refraction  of,  299 

stationary,  287,  297,  623 

transverse  in  solid,  284 

on  surface  of  liquids,  283,  290 
Weight,  3a 

Welding,  electric,  576 
Wheatstone's  bridge,  554 
Wheel  and  axle,  xoa 
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